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FRS  SCOPING  STUDY  I:  SCALING  LAW  ESTIMATES  FOR  K-SHELL 
RADUnON  YIELDS  ON  JUPITER-CLASS  GENERATORS 


I.  Introduction 

For  over  a  decade  the  Defense  Nuclear  Agency  has  supported  pulsed  power  generator 
ctevelopment  as  a  power  source  for  certain  aspects  of  above  ground  radiation  effects  testing. 
Graeratras  such  as  BLACKJACK  5.  DOUBLE  EAGLE,  SATURN,  and  PHOENIX  transfer  energy 
initially  stcned  in  a  Marx  bank  through  a  water  line  to  a  front  end.  For  cool  and  warm  photon 
productitMi  (0-  IS  keV)  the  front  end  of  the  machine  incorporates  a  z-pinch  load.  In  a  z  pinch  the 
plasma  fwmed  out  of  a  wire  array  or  gas  puff  is  accelerated  inward  1^  the  surrounding  magnetic 
{nessure  arising  from  die  axial  current  and  produces  a  plasma  radiation  source  (PRS)  at  in^losion. 
SATURN,  the  largest  working  generator,  develops  iq>  to  'wiQ  MA  of  load  current,  inqilodes  die 
plasma  with  ^200  kJ  of  kinetic  energy,  and  produces  ~7S  kJ  of  aluminum  K-shell  cmissitML  This 
emission  primarityccmsists  of  radiation  above  1.6  keV  from  bound-bound  and  ffee-boundatmnic 
transitions  of  hydrogen-  and  helium-like  ionizatimi  stages  of  aluminum.  Althou^  the  DECADE 
generator  under  constnictitm  will  reach  IS  -  20  MA  peak  load  current  and  ddiver  almost  1.5  MJ  of 
plasma  kinetic  energy,  diis  is  probably  insuffident  to  strongly  ignite  K-shdl  krypttm  with  emission 
in  die  >  13  keV  range.  Widi  die  cessation  of  underground  testing  the  goal  of  die  next  generation 
of  pulse  power  drivers  is  toproducem^-joules  of  radiation  in  die  0-  IS  keV  range,  and  several 
iHindre^  kilo-jonles  at  30  keV.  Tb  adiieve  diis,  fv  larger  currents  and  kinetic  energies  are  needed 
to  heat  plasma  widi  atomic  numbers  ^6  into  thdr  K-sbell  stage.  Concept  studies  are  under  way 
for  the  JUPITER  generator  v^ch  is  envisioned  to  readi  ~60  MA  and  ddiver  ~1S  Ml  of  kinetic 
energy.  At  present  it  is  unclear  whedm  these  ambitious  current  and  kinetic  energy  objectives  will 
convot  into  the  radiatirmyidds  required  to  meet  the  projected  test  requirements.  Henceascoping 
study  for  PRS  yidds  on  JUPTTER-class  generators  has  been  undotaken  within  the  Plasma  Physics 
Division  at  die  Naval  Research  Laboratory.  This  pqio*  is  one  of  several  rqxnting  on  the  scoping 
study  for  estimated  radiation  yields.  Since  the  current  and  energy  parameters  of  JUPITER  will 
be  so  mudi  larger  than  present  day  machines,  the  scoping  study  is  necessarily  an  extrs^lation  of 
theoreticd  ami  conqiutBr  simulation  analyses  which  have  been  benchmariredto  existing  machines. 

In  the  piesait  pqier  we  enqiloy  a  K-shell  radiation  scaling  law  to  predict  radiation  yields 
from  JUFTTER-class  generators.  Scaling  laws  offer  the  utility  of  surv^ing  large  r^ons  of  load 
and  driver  parameter  qiaoe  within  a  short  time.  The  particular  scaling  law  we  use  has  a  long 
history  of  devdcqnnent  and  ccmtinues  to  do  so  even  in  this  piqier.  Essential  elements  of  tte  scaling 
f<mnulas  in  r^ard  to  die  dqiendence  on  the  atomic  number  Z  were  brought  forth  in  the  initial  paper 
by  i^nuzese  and  Daivis  [Ref.l].  Later,  detailed  work  involving  theory  and  conqiuter  simulations 
1^  Whitn^,  et  al..  [Ref.2]  substantially  altered  the  approach  into  a  kinetic  energy  scaling  law. 
Subsequent  inqHOvemrats  to  match  the  soft  inqilosions  observed  in  experiments  were  recently 


reported  by  Thornhill,  et  al.,  [Ref.3].  The  accuracy  of  this  scaling  law  for  low  Z  material  like 
aluminum  is  analogous  to  being  substantially  *"10  the  ballpark,”  as  shown  in  Whitney,  et  al.,  [Ref. 4]. 
However,  to  t^ply  the  existing  scaling  law  to  JUPITER  requires  modifications  in  order  to  (i)  treat 
large  initial  radii  (>  4  cm)  implosions  and  (ii)  account  for  kinetic  energies  which  are  just  able  to 
thermalize  high  Z  (>  36)  plasmas  into  the  K-shell  ionization  stage.  Neither  of  these  conditions 
were  within  the  purview  of  the  original  law.  The  revised  scaling  law  is  developed  in  Section  n,  and 
hereinafiter  will  be  tefored  to  as  the  revised  or  J-scaling  law  for  JUPITER).  As  the  accuracy 
of  this  revised  law  is  less  well  detennined  than  die  original  one,  conqMrisons  with  aluminum  data 
finmi  DOUBLE  EACHJE  and  SATURN  in  Sectitm  m  will  clarify  its  viabilify  fin*  weak  in^losiims, 
ola  case  (ii)  above.  In  Section  IV  an  open  dicuit  voltage  waveform  tq>propriate  to  a  JUPlTER-class 
machine  is  adopted  to  drive  a  single  equivalent  dicuit  The  magnitude  of  the  driving  voltage  is 
scaled  so  tihat  tibe  peak  load  current  ranges  from  10  to  100  MA.  The  dq)endence  of  the  K>8hell 
radiation  from  aluminum  (>1.6  keV),  atgtm  (>3.1  keV),  krypton  (>13  keV),  and  xemm  (^28 
keV)  pinches  over  this  range  of  currmts  is  inve^gated  with  the  J-scaling  law.  Following  this, 
two  specific  design  options  f<v  JUPITER  are  evaluated  in  Section  V:  (i)  an  Inductive  Energy  Store 
(IBS)  design  with  a  Plasma  Opening  Switch  (POS)  in  each  module,  and  (ii)  a  modular  Linear 
Inductive  voltage  Adder  (LIA).  Sincetlie  Jupiter  Design  Option  Stutfylbam  (JDOST)  b^;an  indie 
summer  of  1993,  there  has  been  a  significant  downselecdmi  m  die  madiine  qpdcms  and  changes  in 
the  modular  lES  and  LIA  designs.  Sectitm  V  is  restricted  to  the  standard  designs  as  of  die  fourth 
JDOST  meeting  in  January,  1994.  In  Section  VI  several  important  variatitms  of  the  standard  point 
designs  doived  from  the  inherent  flexibilify  of  the  circuits  are  considered  for  optimizing  the  yields. 

As  this  is  a  rather  lengthy  report  the  last  section  (VII)  contains  a  summary  of  the  results  and 
conclusions  obtained  during  this  study  with  the  revised  J-scaling  law.  Among  these  results  ate 
several  primary  findings,  (i)  The  maximum  K-shdl  radiation  yields  Tjr  for  the  standard  designs  of 
the  LIA  and  lES  options  ate  fairly  similar.  Tjr(Ar)  ~7MJ;yjir(Kr)  ~3MJ;andTjir(Xe)  ~0JMJ. 
This  is  not  coincidental;  the  JDOST  process  itself  has  driven  the  standard  designs  toward  similar 
capabilities  through  the  process  of  conqietition.  (ii)  One  significant  difference  between  the  designs 
is  die  peak  yield  variation  with  initial  radius  Eo  at  &  fixed  pinch  length:  the  LIA  is  predicted  to 
approach  its  maximum  radiation  yield  at  smaller  initial  radii  than  the  lES.  This  diffnences  arises 
from  the  shorter  voltage  pulse  on  the  LIA  relative  to  the  lES  and  may  turn  out  to  be  relevant  in 
limiring  the  possible  disruption  caused  by  the  Rayleigh-Taylor  instability  during  the  run-in  phase 
[Ref.S].  On  the  other  hand,  Davis  [Ref.6]  has  shown  that  alternative  load  configurations  may 
mitigate  the  deleterious  effects  of  such  instabilities,  so  the  advantage  of  small  needs  fiirdm 
investigation,  (iii)  The  yield  from  low  atomic  number  (Z)  material,  such  as  argon,  is  optimized 
with  long  jnnch  lengths  (~  6  cm),  while  the  offsite  is  true  for  high  Z  elements,  such  as  xenon. 
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Because  argon  is  in  the  efficient  scaling  regime  for  JUPITER,  its  yield  varies  directly  with  the  total 
kin^c  energy,  which  is  maximized  in  long  pinches.  Xenon,  however,  is  in  the  extremely  inefficient 
I*  ngaaac  whoe  the  yield  dqpends  more  on  the  kinetic  energy  per  unit  length,  (iv)  A  factor  of 
two  increase  to  the  front  end  inductance  does  not  alter  the  peak  K-shell  yields  on  the  LiA  design, 
but  reduces  those  for  the  DBS  by  ~  */t.  If  the  presently  designed  convolute  is  eventually  found  to 
be  insufficient  in  maintaining  vacuum  insulation  one  may  be  forced  to  qH  fcM-  a  higher  inductance 
fn»t  end.  (v)  If  the  POS  on  the  lES  can  attain  long  conduction  times  then  the  radiation  yields  from 
die  DSS  are  significantly  greater  than  those  from  the  LIA.  This  advantage  can  be  realized  only  if  the 
POS  can  open  in  die  Mme  manner  as  die  shorter  conduction,  standard  lES  (tesign  while  sustaining 
~10MV. 

The  yield  cooqMtiscms  between  die  lES  and  UA  design  options  ate  subject  to  mai^  caveats: 
Radiation  yidd  scaling  laws  may  not  extr^mlate  from  aluminum  oa  present  day  generators  up  to 
krypton,  and  eq[iecially  xenon,  on  JUPITER;  die  stagnation  physics  of  die  pinch  at  ~60  MA  naay 
be  fundamentally  difficrent  than  at  <  10  MA;  die  ionization  dynamics  for  die  high  Z  elements 
is  mudi  mote  dqpendent  on  die  L-  and  M-diell  radiadtm,  because  it  is  so  energetic,  than  low  Z 
elements  (sudi  as  aluminum)  are  dependent  on  their  UV  L*shell  radiadon;  and  uncontrolled  or 
pooriy  understood  instabilities  mi^  reduce  die  prcgected  yidds  found  at  large  radii  in  the  present 
study.  The  last  sectkm  also  discusses  dieselimitati<Mis  and  concomitant  future  research  directions 
for  JUFTTEk  load  andysis. 


n.  Revised  K-SheU  Yield  J-Scaling  Uw 


The  K-shell  yield  J-scaling  relatitHi  is  based  on  that  given  by  Whitn^,  et  al.  [Ref.l],  and 
Thornhill,  et  d.  [Ref.2],  with  two  revisimis:  (i)  a  find  radius  dqwndencjr  in  the  inefficient  regime, 
and  (ii)  a  yield  reducticHi  factor  to  account  for  energetically  weak  implosions.  Let  us  begin  by  first 
defining  a  parameter  17,  as  presrated  in  the  above  cited  ptqiers,  which  measures  the  kinetic  energy 
per  atom  in  an  inqiloding  plasma  in  toms  of  a  minimum  energy: 


■®intn 


(1) 


Here  mj  is  the  atomic  mass  of  the  element  under  consideration,  v  jmp  is  the  find  maximum  implosion 
velodty,  and  Emin  is  the  ininimum  energy  needed  to  reach  and  maintdn  an  individud  atom  of 
ffie  dmnent  under  consideration  in  the  K-shell.  Specifically,  Emin  is  the  sum  of  the  ionization 
energies  required  to  strip  the  atom  to  a  50%  l»iium-like  and  50%  hydrogen-like  configuration 
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plus  the  thermal  energy  of  a  hydro^n-like  ion  at  a  temperature  for  which  K-shell  occupation  and 
excitation  is  strong.  Equations  (33)  and  (46)  of  Ref.l  provide  simple  relations  for  rm  and  Enin  in 
terms  of  the  atomic  number  Z: 


rm « 1.58Z‘  ‘m,  and  Enin « 1.49Z*  *^  eV/ion,  (2) 


udiere  is  the  proton  mass.  Hence  from  eqns.(l)  and  (2),  17 »  0.55[vjmp/ {cm/ its)]* Z 

The  K-shdl  yield  per  unit  Imgth,  inrinding  the  revisions  of  the  present  paper,  is  written  as 


~  smaller  of 

Vklfcmy 


(3.) 

(34) 


udiere  Af  is  the  total  mass  loading,  /  is  the  pinch  length,  and  A/ is  the  final  inq>losion  or  Stagnation 
radius  \idiere  the  plasma  reaches  the  velodly  Vinf 

I¥omeqns.(39),  (42),  and  (43)  of  Ref.l  die  comments  ap{v)*  ^^(Z),  and  e#r  are 


i.(i7)*33,7+^-^ 
€jf  S=  0.3. 


(kJcm/mg^), 


(4) 


The  function  a«(i7)  is  based  on  1-D  multi-zone  numerical  simulations  for  high  ri  inq)losions  with 
niiwninum  These  radiatiOT-magnetdiydrodynamic  calculatitms  eiiq)loy  a  linear  rising  current 
ramp  mitjji  the  outer  radius  of  the  plasma  reaches  0.14  cm,  after  which  the  current  is  turned  off 
in  order  that  the  K-shell  yidd  reflect  cmly  the  kinetic  energy  input  The  current  cutoff  radius  is 
larger  the  final  compression  radius  of  the  pinch,  ejc  is  also  determined  form  these  simulations 
and  represents  the  convnsion  efficiency  of  total  kinetic  energy  into  K-shell  radiation.  The  actual 
rai/iiiariftns  (fi^li^  a  range  for  cjr  from  0.25  to  OJ,  but  for  the  present  discussion  we  will  fix  it 
at  a  conservative  value  of  0.3.  Hie  formula  foe  ag{Z)  is  based  upon  Z-scaling  of  the  He-a  line 
radiation  in  the  coronal  approximation. 

The  two  remaining  factors  in  eqn.(3),  namely  Rf  and  eiiv),  arise  from  the  present  revisions. 
The  form  of  the  Rf  dependence  in  eqn.(3a)  derives  from  the  formula  for  optically  thin  emission 
lines  as  found  in  eqn.(41)  of  Ref.l.  Though  Whitney,  et  al.  did  not  include  any  radius  dependence, 
it  is  to  do  SO  foT  a  JUPITER  study.  Proposed  circuit  designs  require  large  initial  radii  {Ro) 

in  order  to  realize  peak  performance.  The  final  radius  for  iZo  >  2  cm  may  be  significantly  larger 
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than  the  1  -  3  mm  typically  seen  on  DOUBLE  EAGLE  and  SATURN.  Thornhill,  ct  al.  [Ref.2] 
determined  that  soft  implosions  on  machines  like  DOUBLE  EAGLE  and  SATURN  may  reflect  an 
enhancement  of  the  transport  coefficients.  For  soft,  i.e.,  weak  compression,  implosions  the  yield 
in  the  inefficient  r^ime  of  eqn.(3a)  is  reduced  by  V«-  effect,  we  have  replaced  this  softening 
with  a  final  radius  dq)endency  because  enhanced  hirbulent  transport  in  the  pinch  translates  into  an 
increased  stagnation  radius  at  in^losion.  The  scale  factor  for  the  radius  dependence  in  eqn.(3a), 
namely  0  J  mm,  was  determined  by  matching  the  V«  reducticm  factor  with  a  typical  final  radius 
seen  on  existing  experiments. 

The  secmxl  revision,  €1,(17),  concerns  a  reduction  of  the  K-sbell  yield  for  impltmons  with  17 
near  unity.  The  origitud  scaling  law  of  Whitney,  et  aL,  was  not  meant  to  ^)ply  to  such  energ^cally 
weak  and  poorly  ionized  in^losions,  but  for  krypton  and  xenon  on  JUPITER  it  will  be  diown 
that  die  inqilositns  with  die  highest  yields  are  in  this  reginie.  Qearly,  there  will  be  no  K-shell 
yield  for  17  =  0,  adiile  for  17  >  1  <Mie  should  join  smoodily  widi  the  leladons  of  eqn.(3).  For 
siiiqdicity  we  assume  that  C£  varies  linearly  widi  17  in  die  r^on  of  17  ~  1  and  find  a  fit  to  calculated 
krypton  K-shell  yields  from  a  JUPTIER  prototype  design.  We  perftumed  a  total  of  %,  multi-zone, 
radiation-rriagnettdqfdrodynatnic  simulation  runs  widi  peak  load  currents  ranging  from  30  to  80 
MA  and  17  tanging  from  0.S  to  3.  The  ccmipatison  between  nurnericalsiinulations  and  the  J-scaling 
relation  is  presented  in  Rg.L  The  resultant  frxm  for  die  low  17  correction  of  eqn.(3)  is  given  by 

for  17  >  3; 

for  0.5  <  17  <  3;  (5) 

for  17  <  0.5. 

The  complete  K-shell  radiation  J-scaling  law  of  eqns.(3),  (4),  and  (S)  is  now  seen  to  be 
dependent  upon  five  parameters: 


Yk  =  Yk{Z,R,,1  M). 


(6) 


For  a  chosen  material  (Z)  and  final  radius  (iZ/),  the  K-shell  yield  (Yk)  per  unit  length  (f)  can  be 
calculated  as  a  fiincticm  of  the  velocity  and  mass  loading  {M)  per  unit  length.  The  yield  thus 
depends  solely  upon  the  plasma  cmiditions  at  in^losion.  Figure  2a  presents  contours  of  aluminum 
K-shell  yield  per  unit  length  (Ijr//)  di^layed  over  the  Vjmp  -  -Af/f  plane  with  Rf  fixed  at  0.1 
cm.  Sevnal  horizontal  17  maricers  are  shown  at  the  right  hand  side  and  the  mass  breakpoint  curve 
is  noted  as  a  dotted  line.  The  brealqioint  mass  {M/t)BP  is  determined  by  equality  between  the 
relati<Hts  in  eqn.(3): 


M/I  \  ^  10-7I  /  vimp  y(JZ//0.5mm) 

mg/cm/ BP  2  ^ \cm/ nsJ  ao{fi)az{Z) ' 


(7) 
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For  Mfl  <  {MH)bp  one  is  in  the  inefficient  regime  and  the  yield  scales  as  as  in  eqn.(3a). 
This  is  equivalent  to  the  so  called  cunent  scaling  regime.  Otherwise,  one  is  in  the  efficient 
r^ime  where  the  yield  varies  as  Mjl  and  scales  linearly  with  the  total  kinetic  energy  (oc  i^)  of 
the  implosion. 

Consider  a  line  of  constant  final  kinetic  energy  per  unit  length,  ,  in  Fig.2a  running  from 

the  lower  right  to  the  upper  left.  Starting  from  the  large  mass,  low  velocity  regime,  the  yield 
increases  as  one  moves  upward  from  17  =  OJ  toward  the  17  =  3  level.  This  increase  reflects  the 
gradual  turning  on  of  the  K-shell  emitters  as  the  mass  is  deoeased  and  the  velocity  inoeased. 
The  functional  fmm  of  ex,  is  inqxHtant  over  this  part  of  the  grqrii.  Betwera  the  17  =  3  line  and 
^  Msp/i  curve,  die  YkII  contours  are  straight  lines  parallel  to  constant  kinetic  raergy  levels. 
This  is  tihe  efficient  regime  where  Yk  scales  lineariy  with  Ek>  Moving  above  the  Mbp/I  curve 
toward  die  upper  left,  one  sees  that  the  yield  drops  off.  Here  dieie  is  sufficient  inqilosion  vdodty 
to  diermalize  the  plasma  into  or  beyond  the  K-shell  itmizadon  stage,  but  the  mass  is  too  small  to 
radiate  effidoidy.  Hence  this  is  the  inefficient  r^;ime  and  the  yield  scales  as  If  a  larger 

Rf  is  chosen,  the  Map/i  curve  shifts  to  the  right  and  the  efficient  r^ime  shrinks  in  size.  For 
oonqpariscm,  kryptcm  yield  contours  over  the  vi^p  —  M/t  plane  are  presented  in  Fig.2b.  Note  in 
diis  latter  figure  that  lines  of  ocmstant  17  have  move  iqiward  cmnpaied  to  Fig.2a  because  the  velocity 
needed'to  thermalize  krypton  to  the  K-sbeU  is  larger  than  for  aluminum.  As  a  mattor  of  fact,  the 
17  s  3  line  is  above  die  Mpp/t  curve  out  to  the  Yk/I  ~3  MJ/cm  contcMir.  Thus  the  efficient 
r^ime  has  nearly  disqipeated  for  krypton  unless  00c  can  drive  a  mass  loading  of  '>'10  mg/cm  to 
^  2  X  10*  cm/sec  and  stagnate  at  0.1  col  As  this  condition  is  unlikely  to  be  met  by  presently 
envisioned  JUPITER  pulse  power  drivers,  one  can  conclude  that  krypton  implosions  will  be  in 
the  17  1  r^ime  and  the  K-shell  yields  will  be  depoident  on  the  details  of  the  plasma  during 

stagnation.  The  classical  I*  scaling  law  relating  different  graerators  is  reflected  in  graphs  like 
Fig.2b  where  the  maximum  load  kinetic  enogy  produced  by  a  machine  lies  along  a  line  to  the  left 
of  the  efficirat  r^ime.  Hence  no  variation  of  the  mass  loading  in  such  a  case  can  put  one  into  the 
efficient  scaling  regime. 
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Yk  from  scaling  (kJ/cm) 


10°  10’  102  ,0^ 


Yk  from  simulofion  (kJ/cm) 

Fig.1  ConqNffison  between  kiypton  K-shdl  yields  from  multi-zone, 
radiadon-hydiomagnetic  simulations  <m  a  JUPIIER  prototype  design  with 
the  results  from  the  scaling  law  of  eqn.(3).  The  fit  is  used  to  determine  the 
factor  ex  in  the  scaling  law  for  «ia:getically  weak  (jj  ~  1)  implosions. 
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V  Imp  lost  on  (cnfl/s6c) 


mass  loading  (mg/cm) 

Fig.2(a)  Contours  of  alununum  K-^11  yield  over  the  plane  of  initial  mass 
vs  final  iiiq>losi(»  velocity.  The  stagnaticm  radius,  JZ/,  is  fixed  at  0.1  cm. 
Horizontal  lines  of  constant  tj  are  on  the  left  and  the  nu«g  breakpoint 
curve  dividing  the  efficient  (yield  a  mass)  from  the  inefficient  (yield  <x 
mass^)  r^imes  is  dotted.  Weak  implosions  occur  for  17  <  3. 
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inefficient 

regime 


krypton 


#/  // 


efficient 
regi 


mass  loading  (mg/cm) 

FlgJKb)  Same  as  Figure  2a  excejA  for  krypton.  The  shift  of  the  curves 
upward  and  to  the  tight  con^nted  to  Hgure  2a  fleets  the  difficulty  in 
readiing  the  K-sheU  ionization  stage  of  kryptoiL 


m.  Comparison  of  Revised  J-Scaling  Law  with  Aluminum  Data 


The  results  presented  in  Figure  2  are  independent  of  the  machine  in  that  the  kinetic  energy 
at  implosion  is  a  free  parameter.  Let  us  apply  the  J-scaling  relation  to  existing  machines  where 
the  energy  coupled  to  the  load  is  a  function  of  the  driver.  Such  an  analysis  will  display  the  level 
of  laxuraQr  in  the  J-scaling  law.  There  has  been  a  substantial  number  of  z-pinch  experiments 
on  DOUBLE  EAGLE  and  SATURN  wherein  K-shell  radiation  was  measured.  We  concentrate 
on  those  experiments  which  enq>loyed  aluminum  wire-array  implosions.  Wire  arrays  offer  the 
advantage  of  a  priori  knowledge  of  tte  initial  radius  Ro  and  mass  loading  JIf ,  as  opposed  to  gas 
pufb  where  Ro  depends  on  the  nozzle  tilt  angle  and  the  actual  M  mass  can  only  be  estimated  finom 
inq)losion  times.  One  can  calculate  the  K-shell  yield  by  combining  the  J-scaling  law  of  Section  n 
widi  a  thin  shell  model  for  the  dynamics  of  the  pinch  as  driven  by  a  circuit. 

The  momentum  equation  for  thin  shell  dynamics  is 


--do  « 


(*) 


where  r  and  o  are  the  instantaneous  radius  and  velocity  of  the  plasma  shell,  /  is  the  load  current,  c  is 
the  ^)eed  of  light,  and  the  force  acting  to  implode  the  plasma  is  given  the  magnetic  field  B  pressure 
at  the  surface  of  die  plasma.  In  cgs  units  with  po  =  4ir/c^,  B  =  2//rc.  The  gennator  is  treated 
as  a  sinqile  open  circuit  voltage  driver  Voe  with  a  machine  impedance  Zo  and  feed  inductance  Lo'. 

£.f  +  Z./  =  V„-|[fln(^)4  (9) 

Here  Rv  is  the  return  current  radius  in  the  pinch  region  and  and  the  pinch  inductance  is  contained 
in  the  last  term.  The  above  equations  can  be  simplified  by  the  transformation  to  the  variables 

dx 

r  —  xRo  and  o  =  ~^Ro  =  iRo,  (10) 


whne  iZo  is  the  initial  radius  of  the  plasma  shell.  One  finds  for  eqn.(8) 


(11) 


and  then  eqn.(9)  becomes 


,  2i,dlr„  „ 

[Lo  +  Lo,-  ^In*]  ^  +  [^o  ^2  -  ^o. 


(12) 
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Here  the  initial  load  inductance  is  given  by 

£-  =  (13) 

As  noted  by  Katzenstein  [Ref. 7]  (see  also  Mosher  [Ref. 8]),  the  coupled  circuit-pinch  dynamics 
for  the  thin  shell  model  dqieods  on  the  load  configuratimi  through  the  quantities  and 

Rf/Ro.  Starting  from  s  =  1  ands  =  Oat<  =  0.eqns.(ll)  and  (12)  are  advanced  in  time  until  the 
jdasma  shell  reaches  a  nocmalized  stagnation  radius  X/  =  Rf/Ro.  This  instant  corresponds  to  the 
implosion  time  with  a  nonnalized  final  velocity  i/  =  Vi^p/Rc^  Multiplying  eqn.(ll)  Ity  x 
and  int^rating  in  time  one  finds  the  kinetic  mergy  Ek  of  the  pinch.  Hence  for  a  given  madiine, 
{Xoi  ZafVoe{i)h  innch  length  4  initial  inductance  and  conqmssion  ratio  x/.  cme  has 

=  (14) 

For  DOUBLE  EAGLE  X«  =  39  nH  and  ~  0.30;  for  SATURN  X.  =  9.75  nH  and 
Zc  =  0.1670.  In  the  e]q)erinimts  2  cm  Itmg  wires  wm  used.  The  present  calculadoDS  fix  the 
initial  load  inductance  X^  at  3  nH.  indq)endent  of  JRo.  and  assunoe  a  corrqnession  ratio  Rf  /Ro  of 
t/r.  The  driving  voltages  Ke  fot  double  EAGLE  and  SATURN  are  displayed  in  Hgs.3a  and  4a. 
respectively. 

Given  the  above  information,  die  calculated  currait  profiles  for  various  MR^  on  tiie  two 
nuKdiines  follow  in  FigsJb  and  4b.  Note  tire  increased  ‘*sof%ness”  or  inductive  notch  of  the 
SATURN  driver  as  conq>ated  to  DOUBLE  EAGLE,  i.e.,  the  larger  turnover  in  the  curreat  profiles 
as  the  irrq)losion  proceeds.  Inq>losion  times  Ump  can  be  measured  in  a  similar  fashion  as  done 
in  expaimrats:  The  first  fiducial  time  mark  is  the  intocqn  between  a  linear  fit  to  the  rising  load 
current  and  the  terrqxrral  axis,  as  indicated  in  Fig.3b  and  4b  by  the  dotted  lines.  The  second 
fiducial  time  is  the  ent^int  of  the  current  waveform,  which  occurs  wl^  the  plasma  shell  reaches 
its  prespecified  corrqnession  ratio.  The  implosion  time  is  the  difference  between  these  two  noted 
ritneg  A  corr^arison  of  the  implotion  times  Ump  over  MRl  for  the  two  machines  is  presrated  in 
Fig.Sa.  The  conqnessed  voltage  pulse  of  SATURN  relative  to  DOUBLE  EAGLE’S  shows  up  in 
its  significantly  shorter  irrqrlosion  times.  The  kinetic  energy  of  the  plasma  at  implosion,  Ek,  is 
likewise  compared  in  Fig.Sb  for  the  two  machines.  The  peak  £jr  occurs  at  ~2mgcm^  for 

both  machines,  and,  as  expected  from  eqn.(l  1).  the  ratio  of  at  this  point  (250  kJ/  60  kJ)  scales 
about  as  the  square  of  the  ratio  of  tiie  peak  (10  MA/4.S  MA)^. 

To  compute  the  K-shell  yield  from  the  J-scaling  law  one  needs  the  quantities  listed  in  eqn.(6). 
the  aluminum  expoiments,  Z  =:  13  and  f  s:  2  cm.  Consider  a  solution  for  a  some  MRl  as 
given  in  eqn.(14)  and  arbitrarily  chose  an  initial  radius  Ro.  Then  the  total  mass  M  is  specified 
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since  is  known,  the  final  radius  i2/  is  specified  by  the  assumed  compression  ratio  parameter 
X /,  and  the  final  dimensional  velocity  is  given  through  vinp  =  RoX /.  Eqn.(3)  can  now  be  used  to 
compute  the  aluminum  K-shell  yield  estimate  for  this  chosen  value  of  Ro-  Varying  Ro  for  the  same 
will  then  give  a  set  of  yields  YK{MR\tRo).  Note  that  each  of  these  yield  estimates  have 
the  same  kinetic  energy  coupled  to  the  load  but,  in  general,  the  Yk  vary.  Finally  repeat  the  whole 
procedure  for  a  range  of  Af  values.  The  coii^)lete  results  can  be  presented  as  a  contour  mi^  of 
the  K-shell  yield  in  the  Jlf  —  JZe  plane,  as  done  for  DOUBLE  EAGLE  in  Fig.6a  and  SATURN  in 
Fig.fib.  Tte  topology  of  these  contours  result  from  a  combiruUion  of  constant  17  curves  and  constant 
JIf lines.  The  lowest  yield  contour  is  practically  coincident  with  the  17  =  0.5  curve.  Higher 
17  curves  have  a  similar  parabolic  shi^  but  ate  displaced  leftward  in  the  plot  Along  a  fixed  JZo 
horizcmtal  line,  the  value  of  17  is  large  mi  the  1^  side  and  the  yields  ate  low  because  one  is  in  the 
ineffident  r^ime.  Moving  toward  higher  masses  and  lower  17,  the  yields  increase  because  one 
enters  the  effident  r^ime.  Finally,  at  too  large  a  mass  17  <  1  and  the  yields  drop  off.  Lines  of 
constant  JIf  run  at  an  angle  across  the  plot  as  indicated  in  Fig.6a  for  one  case.  The  largest  value 

of  occurs  in  the  upper  tight  hand  comer.  Rom  Fig.5b  these  lines  ate  also  mie  of  fixed  kinetic 
energy.  Hence  in  the  lower  left  region  MR^  is  small  as  is  Ek^  Moving  toward  the  upper  ti^ 
Ek  initially  increases  and  then  decreases  as  the  peak  in  the  cmipled  Idnetic  miergy  over  is 
passed.;Figs.6a  and  fib  reflect  Fig.2,  recognizing  that  constant  17  curves  ate  also  curves  of  constant 
final  velocity.  One  important  feature  of  tiie  J-scaling  law  to  teep  in  mind  is  the  drop  off  in  yidd  for 
the  ineffident  regime  due  to  a  large  final  radii  Rf.  Since  Fig.6  assumes  fixed  compression  ratio, 
a  larger  Ro  means  a  larger  JZ/,  as  well  as  a  larger  mass  break  point  according  to  eqn.(7).  Thus  as 
Ro  is  increased  at  a  fixed  load  mass,  one  transitions  into  the  inefficient  yield  r^ime:  the  radiation 
output  drops  due  to  a  decrease  in  the  plasma  density.  It  is  precisely  this  physical  effect  that  led  us 
to  revise  the  original  Whitney-Thomhill  scaling  law  to  include  a  dq)enden(7  on  the  final  radius  in 
eqn.(3a). 

Figures  6a  and  fib  also  list  the  experimentally  measured  K-shell  yields  in  kJ  within  a  circle 
at  the  appropriate  load  mass  and  initial  radius.  The  information  was  supplied  by  C.  Deeney 
from  Physics  International  for  DOUBLE  EAGIB  and  R.  Spielman  from  Sandia  National  Labs 
for  SATURN.  For  DOUBLE  EAGLE  much  of  the  data  lies  near  a  line  of  constant  MR^.  Many 
of  the  shots  were  performed  under  the  same  initial  conditions  and  the  quoted  yield  is  an  average 
of  such  shots.  The  K-shell  predictions  fall  short  of  the  observed  peak  yield  by  ~  V**  however 
the  trend  of  a  rise  and  fall  over  mass  loading  is  consistent  with  the  data.  Actually  the  higher 
values  in  Fig.fia  represent  nearly  100%  conversion  of  kinetic  energy  into  K-shell  radiation.  The 
coupled  Ek  at  MR^  -  0.2  mg  cm*  is  only  ~30  kJ  from  Fig.Sb.  Such  a  conversion  efficient  is 
impossible,  for  some  of  tl»  kinetic  energy  must  be  expended  in  ionizing  the  plasma.  The  results 
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indicate  an  additional  and  significant  resistive  heating  phase  during  pinch  assembly  for  DOUBLE 
EAGLE,  and  any  yield  scaling  law  based  upon  kinetic  energy  per  atom  alone  would  necessarily 
underestimate  the  experimental  values.  Fbr  SATURN  the  data  represent  a  more  widely  dispersed 
set  of  initial  configurations  than  fw  DOUBLE  EAGLE.  Such  data  are  especially  interesting  for  the 
present  conqrarison  since  they  cover  such  a  large  range  in  the  Jlf  -  iZo  plane  and  thereby  present  a 
challenging  test  for  any  model  of  aluminum  K-shell  emission.  In  Fig.fib  the  peak  of  the  J-scaling 
law  yields  compare  favorably  with  SATURN  experimental  value  and  the  falloff  in  contour  levels 
from  this  peak  mimics  the  data,  though  the  contours  as  a  whole  are  shifted  to  a  larger  value  of 
in  conqnrison  with  the  data,  ^iparently  kinetk  raergy  convorsion  alone  is  sufficient  to  explain 
the  SATURN  yields.  One  could  adjust  the  form  of  ti  of  eqn.(6)  to  obtain  an  inqnoved  fit  for 
SATURN  by  reducing  the  extent  of  die  efficient  r^on,  denoted  by  the  straight  contour  levels.  But 
diis  function  was  detorminedl^  fitting  to  multi-z(»iesinuilation  results  for  kxyptoiL  Since  krypton 
K-sbell  PRS  yields  are  one  of  the  primary  interests  in  the  JUPTTER  program  we  leave  the  presort 
revised  J-scaling  law  as  is. 

One  significant  sinqrlification  of  the  present  calculations  was  the  use  of  a  fixed  initial  load 
inductance  In  the  actual  erqrerimentsdiis  value  differed  for  various  shots.  verthechange 

in  Lw  for  dififeroit  shots  is  relatively  small  compared  to  Lo  +  3  nH,  and  the  error  introduced  by 
ejecting  this  change  should  be  ocmsideied  snail  given  the  approxinate  rature  of  any  scaling  law. 
Mote  irtqmrtandy,  the  use  of  an  average  £«  value  allowed  one  to  use  a  single  calculation  at  MRl 
and  obtain  ttatiy  estimates  of  the  yield  for  various  R«.  This  approach  greatly  rediK:es  the  time 
of  calculation  and  readily  facilitates  the  production  of  contour  plots  as  shown  in  Hg.6.  We  will 
continue  to  en^loy  this  sitrqilifying  apjnoach  as  we  look  at  JUPTTER-class  generators. 
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FlsJCa)  The  open  ciicuit  voltage  used  to  model  DOUBLE  EAGLE  widiin 
a  Thevenin  equivalent  dicuiL  (b)  Current  profiles  of  the  DOUBLE  EAGLE 
generator  for  various  values  of  Jlf  where  JIf  is  the  load  mass  and  Ro  is 
die  initial  load  radius.  Results  are  for  a  conqnession  ratio,  i.e.,  final  over 
initial  radius,  of  initial  load  inductance  of  3  nH,  and  a  2  cm  long  wire 
am^.  When  these  conditions  are  fixed  the  profiles  only  depend  upon  the 
product  within  the  thin  shell  iqiproximation  for  the  pinch  dynamics. 
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FifJ(a)  Laq)lo6ioa  tinie  and  coqded  Idn^  eoagy  (b)  as  a  functiim  of  Af 
for  DOUBLE  EAGLE  and  SATURN.  Initial  load  inductance,  con^xesaon 
ratu),  and  lengdi  are  the  same  as  in  Fig.3. 


Fifj6(a)  Cootoors  of  alununum  K-shdl  yield  for  DOUBLE  EAGLE  based 
on  die  tiling  law.  Eiqieriineotal  data  in  kJ  are  iMMed  in  die  dides  located 
at  die  appropriate  Rt  —  M  ptwt  Initial  load  inductance,  pindi  leogth,  and 
oooqiression  ratio  are  die  same  as  in  Fig3. 
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Fig.6(b)  Same  as  in  Hg.6a  exoqit  for  SATURN. 
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IV.  Projected  K-Shell  Yields  as  a  Function  of  Load  Current 


JUPITER  is  envisitMied  to  have  a  peak  load  current  of  S  to  7  times  that  of  SATURN.  How 
do  the  K-shell  yields,  not  only  ficom  aluminum  but  also  from  higher  Z  elements,  vary  with  large 
load  cuiraits?  lb  answer  this  question  we  enqdoy  a  analysis  similar  to  the  previous  section  excq)t 
widt  a  more  approfniate  dicuit  model;  the  voltage  lisetime  of  SATURN  is  mily  55  nsec,  half  the 
anticipated  100  nsec  of  JUPITER.  Specifically,  ooc  of  the  early  transmissitm  line  designs  of  the 
linear  inductive  voltage  adder  was  converted  to  an  equivalent  Thevenin  circuit  The  circuit  and 
forward  moving  vtdtage  wave  V'*' ate  presented  in  Hg.7.  For  the  open  drcuit  voltage,  Vm  =  2  V'*'. 

The  voltage  V-*-  is  meamred  at  the  end  of  a  long  magnerically  innilated  transmiisiriftn  line  (MTH.) 

of  impedance  0.24  fl.  The  feed  inductance  betwea  fee  MTIL  and  the  load  is  7  J  nH,  and  initial 
load  inductance  is  2.63  nH.Exoq)t  for  laagiiiq>losion  times  (ijmy  ^  200  nsec),  V'*'  is  imaffected 
by  die  load  behavior  in  fee  LIA  design  because  fee  voltage  source  is  far  mnoved  in  time  fitom  the 
load,  lb  achieve  a  range  of  peak  load  currents  we  imiltqily  Ke  1^  an  arbitrary  factor  a  between 
0.05  and  2.0  adiile  keqnng  the  inqiedanoe  and  inductance  die  same.  Effectively,  for  eadi  choice 
of  a  we  have  a  different  machine  characterized  1^  die  peak  of 

For  each  of  these  machines  a  search  is  performed  in  fee  M  -  ii:»  plane  for  the  maximum 
K-shell'yield  of  aluminum,  argon,  krypton,  and  xaurn  loads.  For  reference,  the  K-shell  yield  of 
aluminum  means  ffeoton  energies  >1.6  keV;  for  argmi  >3.1  keV;  for  krypton  >13  keV;  and  fOT 
xraon  ^28  keV.  Rgure  8  presents  die  peak  K-shell  yields  for  each  of  these  dmnents  as  a  function 
of  die  peak  load  current  The  initial  radii  and  noass  loadings  leading  to  the  peak  yields  are  listed 
beside  each  data  point  and  the  peak  aVoc  coiresptmding  to  die  load  current  is  noted  along  the 
abscissa.  In  this  figure  the  aluminum  yield  has  the  classical  P  dependence  of  the  effidoit  r^ime. 
and  argon  also  reaches  die  efficient  r^ime  above  ~  10  MA.  The  Ek  coiqiled  to  the  load  is  shown 
as  a  dotted  line  and  in  the  efficient  scaling  r^ime  the  K-shdl  yield  is  independent  of  the 
material  in  accordance  wife  eqiL(3b).  In  the  terminology  of  eqn.(l)  these  elements  inqilode  to  high 
ij  values  for  this  driver.  For  krypton,  however,  the  yields  follow  the  I*  regime  below  ~20  MA, 
then  transition  to  an  intermediate  dqiendence,  and  do  not  reach  the  efficient  regime  until  the  peak 
load  currmts  are  greato'  dian  100  MA.  This  transition  r^on  for  krypton  reflects  inqilosions  with 
ff  1  and  presmts  a  difficult  situation  to  predict  accurately  because  the  yields  deprad  on  subtle 
details  oi  die  plasma  gradients  at  implosion.  The  J-scaling  piedictimis  are  even  more  precarious  for 
xmion,  where  17  <1.  Xencm  is  included  as  a  elemmt  for  study  because  of  the  radiation  requirement 
for  >30  keV  {feotons  oa  JUPITER.  Modulo  tlus  uncertainty,  Hg.8  indicates  that  to  reach  1  MJ  of 
K-shell  yidkl  requires  ~2S  MA  peak  load  current  fm  aluminum  and  argtm,  ~S0  MA  for  krypton, 
and  ~90  MA  for  xenoiL 
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The  yield  results  for  SATURN  lie  below  the  relation  between  yield  and  current  in  Fig.8.  The 
circuit  of  Fig.7  has  a  much  broader  voltage  pulse  than  SATURN  and  the  coupled  Ek  is  also  much 
lager  at  ~  10  MA.  Even  though  the  yields  are  similar  at  peak  current  between  Fig.8  and 
DOUBLE  EAGLE,  agam  the  coupled  Ek  from  Fig.7  circuit  is  larger  than  on  DOUBLE  EAGLE. 
This  points  out  tte  limitatimi  of  trying  to  study  yields  in  a  machine  independent  manner  as  implied 
in  Hg.8.  We  thus  next  turn  to  !9)ecific  JUPllER  designs  for  yield  ^tfimarec 


R  =  0.24n  L  =  7.503  nH 


Fig.7  The  Thevenin  equivalent  dicuit  and  the  foward  moving  voltage  wave 
at  the  end  of  the  long  MITL  fn-  an  early  Voltage  Adder  JUPITER  desigiL 
Twice  V'*'  equals  the  open  circuit  voltage  K>c. 
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K-shel I  yield  (kJ) 


Fig.8  Peak  K-shell  yields  from  the  scaling  law  for  aluminum  (>1.6  keV), 
argon  (>3.1  keV),  krypton  (>13  kcV).  and  xenon  keV)  as  a  function 
of  the  peak  load  current  from  the  citcuit  of  Fig.7.  The  open  circuit  voltage 

horn  Fig.7  is  magnified  to  obtain  varying  peak  load  currents.  The  peak  Voe 
is  noted  along  the  abscissa.  The  dotted  line  gives  the  coupled  kinetic  energy 
as  a  function  of  die  current  Ea^  point  is  labeled  as  (iZo  in  cm,  M  in  mg). 
Results  are  fm*  a  conqiression  rado  Rf/Rc  —  initial  load  inductance  of 

2.63  nH,  and  a4  cm  long  load. 
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V.  Projected  K-shell  Yields  for  the  Standard  LIA  and  lES  JUPITBR  Circuit  Designs. 

During  the  span  of  the  Jupiter  Design  Option  Study  Team  (JDOST)  from  July  1993  to  January 
1994,  a  number  of  generator  designs  have  been  proposed  and  have  undergone  significant  and 
CGotinuous  evolution.  Rather  than  present  the  many  yield  studies  undertaken  during  this  period  as 
part  of  an  historical  development,  we  will  concentrate  on  the  latest  designs  for  the  LIA  and  the 
nii:idMlar  lES  as  of  January,  1994.  The  transmission  line  circuit  used  in  the  present  report  to  model 
the  4  cells/module,  30  module  LIA  with  a  low  indiK:tance,  4-slot  firont  end  is  presented  in  Fig.9a. 
Several  items  should  be  noted  Hoarding  this  sui^>lified  dicuit  They  were  adopted  primarily  to 
speed  up  calculations  over  large  domains  of  parameter  space. 

(i)  The  30  modules  were  added  in  parallel  to  die  finmt  end  convolute. 

(ii)  The  loigdi  of  each  element  is  rounded  to  an  intend  number  of  nanosectmds  while  the 
inqiedance  remains  unchanged.  This  increases  the  front  md  inductance  by  a  negligible 
0.0027  nH  om^iared  to.  the  exact  circuit 

(iii)  The  inductance  of  the  double  post-hole  convolute,  final  feed,  and  half  inch  pinch  pedestal  are 
all  added  to  the  final  MITL  element  withmit  increasing  its  time  loigth.  The  total  inductance 
for  this  combined  element  which  will  be  termed  the  feed  inductance 

L,  =  1.4  +  0.36  +  5j)  + nH,  (15) 

ranges  firom  2.86  nH  for  iZo  =  2  cm  to  1.94  for  iZo  =  S  cm  as  shown  in  Table  I.  The  value  of 
Xw  used  to  generate  a  particular  grqih  is  listed  in  the  corresponding  caption.  Because  peak 
yields  are  found  to  occur  at  large  initial  radii,  we  will  generally  employ  the  feed  inductance 
appropriate  to  Ho  =  5  cnt  Figs.l(tti  and  llh  discussed  below  show  the  small  effect  upon 
the  yields  of  including  the  iZo  depoidmcy  in  the  inductance  L /.  The  expediency  gained  by 
ignoring  the  Ho  dependency  in  X/  has  been  explained  at  the  end  of  Section  m.  Since  the 
increase  in  inductance  as  the  pinch  inq)lodes  can  be  >  the  fixed  front  end  inductance,  the 
dependent^  of  the  initial  load  inductance  on  pinch  length, 

X^  =  2fln((Ho  +  0.5)/Ho)  nH,  (16) 

is  accounted  for  in  all  calculations.  Of  course  so  is  the  change  in  the  load  inductance  as  the 
implosion  proceeds,  in  the  manner  of  eqn.(12).  It  is  recognized  that  the  gap  size  of  0.5  cm 
between  the  load  and  the  return  current  radius  is  clearly  too  small  for  gas  puffs,  and  possibly 
also  for  wire-array  loads,  on  eitho:  design.  As  this  value  was  chosen  by  Sandia  for  lES  studies 
of  eimgy  coupling,  we  adopted  it  for  consistent  on  both  machines. 


22 


Table  I.  Final  Feed  Lf  and  Initial  Load  Inductance 


Lf+L^m) 

/  =  2cm 

4  cm 

6  cm 

Ro^2cm 

2.86^.89 

2.86+1.78 

2.86+2.68 

Scm 

1.944038 

1.94+0.76 

1.94+1.14 

(iv)  No  losses  are  included  in  the  present  calculations,  either  in  the  marx  spark  gtqrs,  gas  and  water 
closing  switches.  MTTL  transitioa  e~.  convolute,  or  final  feed  resistance.  Incorptuation  of 
loss  models  into  our  transmission  line  code  is  a  future  objective. 

(v)  The  transmissimi  line  does  not  go  all  die  back  to  die  marx  banks  but  starts  at  the  intnrnediate 
store  with  4U6  Ml  of  electrical  energy.  When  all  the  losses  are  included  die  marx  banks 
initially  store  94  MI  and  die  intermediate  store  reaches  69  Ml.  The  lower  energy  for  the 
intermediate  store  is  suggested  by  Ian  Smith  of  die  LIA  design  team  to  balance  the  n^ected 
power  losses. 


The  transmissitm  line  citcuit  used  in  the  present  tepon  to  model  the  60  module  lES  with  a 
siinilar  low  inductance,  4-slot  fifont  end  is  presented  in  Fig.9b.  Again  there  are  a  number  of  items 
to  be  noted. 

(i)  The  60  modules  were  added  in  parallel  to  the  front  end  convolute. 

(ii)  The  length  of  each  elemoit  is  rounded  to  an  int^ral  nanosecond  length  but  the  impedance  is 
adjusted  so  that  the  inductance  of  each  element  remains  cmistant 

(iii)  As  above,  the  inductance  of  the  dcnible  post-hole  convolute,  final  feed,  and  pedestal  are  added 
to  the  final  MTTL  element  prior  to  the  load.  The  pinch  length  is  again  accounted  for  in  the 
load  inductance. 

(iv)  No  losses  are  included,  except  across  the  POS  (see  below). 

(v)  The  pulse  shining  capacitor  actually  forms  a  *T”  with  the  transmission  line  but  we  have 
treated  it  in  series.  Comparisons  of  SCREAMER  circuit  code  calculations  at  Sandia  with  the 
presmt  model  show  small  but  acceptable  diffoences. 

(vi)  The  linear  tqiered  storage  inductor  is  Ixoken  into  three  segments  each  of  constant  but 
decreasing  iiiq)edance  such  that  the  total  inductance  is  conserved. 

(vii)  The  plasma  opening  switch  is  treated  as  time  varying  shunt  resistor  with  eneigy  losses.  The 
resistance  Rpos  satisfies  the  Z/tow  model  of  Mendel  et  al.,  [Ref.9]: 
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Here  Vpos  is  the  voltage  across  the  switch,  /«p  and  Idn  are  the  upstream  and  downstream 
currents  surrounding  the  POS  so  that  Vpos  =  Rposipos  +  Rpos{Iup  —  Idn)-  The  flow 
inq)edance  Z/iow  is  specified  by  the  conduction  time  <open>  the  duration  of  opening  Atopen* 
and  listed  in  the  Fig.9b  through 


10,  y  for  t  ^  iopent 

)»  ^open  ^  ^  ^  ^open  +  Afopeni  (18) 

^®r  i  >  ^open  "I"  Afopen* 

The  listed  conducti<Hi  time  corresponds  to  die  POS  opening  at  a  stmn^  inductor  current  of 
90  MA.  For  die  present  inqilenientatirm  of  the  model,  the  switch  is  not  oowbared 
(Rpos  -*  0)  if  the  voltage  across  the  POS  reverses.  Instead  Rpos  -*  oo  when  J«p  =  hn, 
as  Zfiaw  remains  finite. 

In  Figs.9a  and  9b  the  noted  times  for  the  drying  and  opening  of  the  switches  are  measured 
firmn  the  instant  ixdien  the  energy  b^ins  to  flow  forward  out  of  the  first  element  on  the  left  Thus 
fn*  the  IBS  die  effective  conducdrm  rime  of  the  plasma  is  shorter  than  the  listed  iepc*  of  the  figure 
due  to  time  delay  in  the  transmission  line  between  the  fiorst  element  and  the  switch.  Measured 
from  die  time  whan  the  POS  first  carries  at  least  1  MA,  the  conduction  time  for  IES-4  of  Fig.9b  is 
'^.7fis. 

lb  study  these  JUPIIER  circuits  we  perform  a  similar  analysis  as  was  done  for  DOUBLE 
EAGLE  and  SATURN  in  Section  IlL  The  imploding  plasma  thin  shell  model  of  eqn.(l  1)  still  holds 
but  the  circuit  model  of  eqn.(12)  is  replaced  with  a  transmission  line  calculation.  The  transmission 
line  model  follows  the  forward  and  backward  propagating  voltage  waves  assuming  only  transverse 
electromagnetic  modes  are  presoit  Circuit  elements  have  associated  transit  times  Ai  such  that  a 
line  element  of  iiiq)edance  Z  has  an  inductance  ZA<  and  a  capacitance  Ai/Z.  Wave  propagation 
across  junctions  between  line  elements  is  solved  through  reflection  and  transmission  coefficients 
derived  from  Kirkhoff's  laws.  The  general  technique  is  similar  to  the  BERTHA  code  used  at  NRL 
[Ref.  10],  however,  the  junction  at  the  dynamic  load  is  treated  implicitly  to  ensure  strict  conservation 
of  electrical  -f  plasma  enogy. 

R>r  a  given  marhina,  pinch  length  I,  initial  inductance  £«,,  and  compression  ratio  R / /Ro,  the 
pinch  dynamics  is  only  a  function  of  MRl,  as  in  eqn.(14).  Hereinafter  the  compression  ratio  in 
the  oainiiafinns  is  fixed  at  Vio-  The  final  feed  *<-  initial  load  inductance  will  be  listed  in  the  figure 
ciq)tions  as  X*  from  Table  I.  Hgures  10a  and  10b  show,  respectively,  the  load  current  and  the  coax 
MTTL  voltage  for  the  UA  with  a  4  cm  long  pinch  over  a  range  of  MRl  values.  The  time  t  =  0 
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on  the  plots  of  Fig.  10  corresponds  to  the  time  of  PFL  switch  closing  in  Fig.9a.  The  MTTL  voltage 
only  takes  ~30  ns  to  reach  a  7  MV  plateau  and  stays  positive  for  '^l  10  ns.  The  back  emf-voltage 
generated  by  the  motional  in^)edance  of  the  imploding  plasma  [the  x /x  term  in  eqn.(  12)]  is  clearly 
demonstrated  in  Fig.  10b.  For  an  inductive  short  circuit  load,  the  current  rises  to  a  peak  value  of  ~8S 
MA  about  80  ns  after  the  current  first  starts  to  flow  into  the  load.  The  in:^)losion  time,  calculated 
in  the  manner  desoibed  in  Section  m,  is  shown  in  Fig.lOc  for  various  pinch  lengths  on  the  LIA. 
For  a  fixed  loigth,  timp  is  a  monotonically  increasing  function  of  MRl,  but  shorter  lengths  have 
a  larger  at  the  same  The  load  kinetic  energy  at  implosion,  Ek  in  Fig.l0d,  displays  a 
definite  peak  at  MJ^li  ~  200  mg  cm,  for  pinch  Imgfli  L  The  peak  Ek  increases  with  length,  but 
slower  than  linearly.  That  is,  the  total  pinch  .Ejr  increases  with  length,  but  shorter  pinches  produce 
more  Ek  per  unit  length.  This  feature  in^MCts  the  qrtimal  yielding  pinch  length  for  difforat  Z  as 
we  shall  show  below.  The  excursion  to  large  voltages  at  inq>losion  in  Hg.l0b  is  important  <Hily  for 
<  SOO  mg  cm^ .  which  is  below  the  value  of  where  the  kinetic  mietgy  peaks  for  /  s  4 

cm.  For  /  s  2  cm  the  large  voltage  excursion  is  also  found  to  occur  below  the  MI^  producing  the 
peakEK. 

K-shell  yields  for  the  LIA  based  upon  the  J-scaling  law  can  be  calculated  using  the  same 
formalism  discussed  at  the  end  of  Section  in.  A  ctmtour  map  of  krypton  K-shell  3deld$  over  the 
M  —  Bit  plane  is  shown  in  Fig.l0e.  The  peak  yidd  is  nearly  3  MJ  at  Ao  —  5.8  cm  and  M  —  25.4 
mg.  Consider  a  horizontal  line  of  fixed  radius  in  Fig.l0e  and  determine  the  peak  yield  for  that 
radius.  The  depradmce  of  this  krypton  peak  yidd  oa  uiitial  radii  is  di^layed  in  Fig.lQf,  dtHig 
with  the  results  for  Ar  and  Xe.  Note  the  broad  range  about  JZo  ~  5  cm  where  the  K-shell  yields  are 
near  their  marimum.  While  Fig.l0f  is  for  4  cm  long  pinches,  Fig.lOg  shows  the  variatitm  of  the 
peak  K-shell  yields  at  each  initial  radius  as  the  pinch  length  changes  from  2  to  6  cm.  On  JUPITER, 
argon  implosions  can  have  many  times  the  enogy  needed  to  reach  the  K-sheU  ionization  stage. 
Hence  argon  is  in  the  efficient  scaling  regime  and  according  to  eqn.(3b)  Ik(Ar) «  Ek-  Since 
Ek  increases  with  length  (from  Fig.l0d),  longo-  pinches  in  Fig. IQg  lead  to  optimal  yields  for  low 
Z  like  argon.  On  the  other  hand,  xenon  implosions  on  JUPITER  will  be  energy  poor, 

i.e.,  the  tj  of  eqn.(l)  <  1.  Because  the  xenon  K-shell  yield  scaling  is  in  the  inefficient  I*  or  Af* 
r^ime,  shorter  pinches  which  produce  a  higher  EK/i^  lead  to  better  K-shell  yields  as  in  Fig.lOg. 
In  essence,  large  JSjc//  for  xenon  lead  to  higher  17  and  a  larger  ££(»?)  in  eqn.(3a).  The  yield  drop 
off  at  large  Ro  reflects  the  larger  stagnation  radius  Rf  and  a  lower  yield  by  eqn.(3a).  Krypton  is 
a  transition  material  for  JUPITER,  17  ~  1  for  the  optimal  cases,  and  the  peak  yield  is  not  a  strong 
function  of  the  length.  Up  to  this  point  the  calculations  have  used  a  final  feed  inductance  from 
Ihble  I  rq)i»opriate  to  an  initial  pinch  radius  of  5  cm.  To  verify  our  earlier  claim  of  insensibility  to 
the  variation  in  the  final  feed  inductance,  we  present  in  Fig.lOh  a  comparison  between  yields  based 
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upon  a  final  feed  +  load  inductance  of  1.94+0.76  nH  (case  a),  and  2.86+1.78  nH  (case  b).  The 
numbm  are  taken  firom  Tkble  I  for  4  cm  length  pinches  but  different  Ro.  Qearly  the  differences 
are  not  laiiE^,  but  there  is  a  systematic  trend  for  the  LIA  in  that  the  larger  inductance  case  b  always 
ppesents  slightly  larger  yields. 

For  dialled  stutty,  T)Ed)le  n  contains  specific  data  on  the  peak  Yk  at  several  initial  radii  altmg 
with  the  associated  Ump*  and  Ek>  Since  argon  is  in  the  efficient  radiadcMi  regime  on  JUPITER, 
the  peak  yield  scales  with  the  kinetic  enogy  which  is  a  function  of  MRl.  The  first  two  entries 
in  the  atgtm  groiq>  Ux  each  pinch  loigth  i  show  the  range  in  initial  radii  and  masses  aiiich  lead 
to  the  same  peak  yield.  For  the  krypton  and  xenon  loads,  the  first  listing  in  eadi  group  of  kngdis 
is  die  peak  yidd  over  all  ladiL  Raykigli-Thylor  instabilities  may  inhibit  the  utility  of  large  radii 
inqrlosimis,  so  yields  are  also  listed  f(v  radii  <  4  cm. 

A  analogous  set  of  die  above  grqihs  is  presented  in  Fig.ll  for  the  standard  IBS  JUPITER 
design.  The  f  —  0  pdnt  in  Hgs.lla  and  11b  correspond  to  the  time  when  die  POS  of  Fig.9b 
bq^  tot^ien.  one  lines  up  Var/TL  from  the  UA  in  Fig.  10b  and  Vpos  fromthelES  inFig.llb 
such  diat  die  initial  voltage  rise  oveilqis,  one  finds  that  it  takes  only  35  ns  for  the  UA  MTTL 
vdtage  to  reach  its  plateau  value  of  7  MV,  but  SO  ns  for  the  voltage  to  teadh  a  similar  plateau. 
FiifdieniKMe,  the  back  reaction  of  die  load  dirough  its  motioual  impedance  is  more  ^ominent  for 
small  Jlfi^  <m  die  LIA  than  tm  the  lES.  This  differa)celeflec{£^  -he  assumption  tbatZ/i^  remains 
constant  after  POS  opening  and  as  die  current  dirough  the  switch  rises  near  Unp  die  voltage  Vpos 
must  decrease  Ity  eqiL(17).  The  load  current  profile  of  die  lES  in  Fig.l  la  di^lay  a  knee  after  die 
initial  r^nd  rise,  unlike  Jiosa  on  the  UA  Hoice  the  time  to  peak  currrat  is  Irmger  on  the  lES  than 
on  the  LIA  e^iedally  for  large  values.  PCX’  instance,  the  time  to  peak  load  currmt  is  ~100 
ns  on  the  lES  for  JIf  ^  s  10*  mg  cm*,  v^e  it  is  only  70  ns  on  the  LIA  for  the  same  value.  The 
implosicm  timeie  and  Ek  are  presented  in  Fig.llc  and  lid,  respectively,  for  several  pinch  lengths. 
Ump  for  the  lES  is  about  lSnseclongathanontbeLIAforthesameAfJ2*,aslongas  Afi2*  <  a 
fewdiousand.  Above  this  value  the  implosion  times  are  less  on  the  lES  than  the  LIA  The  peak  Ejr 
at  each  length  studied  is  nearly  the  same  on  the  lES  design  as  on  the  LIA  design,  but  for  the  lES 
the  peak  Ek  rou^y  follows  300  mg  cm.  Thus  the  lES  reaches  its  peak  Ek  at  a  larger 

AfJ^  value  than  <m  the  LIA  This  bduvior  suggests  that  the  peak  yields  for  high  Z  materials  will 
occur  at  larger  initial  radii  for  the  lES  machine.  Another  difference  betweoi  the  Ek  on  the  UA 
and  on  the  lES  is  the  definite  peak  in  Ek  over  MRl  on  the  UA,  while  the  Ek  for  the  lES  shows  a 
secondary  peak  at  large  JIf  A*.  The  secondary  peak  would  not  {q[>pear  if  the  POS  is  crowbared  after 
Vpos  first  reverses  sign.  This  structure  in  the  kinetic  energy  curves  at  large  MRl  is  reflected  in  the 
krypton  K-shell  yield  contours  of  Fig.lle.  The  peak  krypton  K-shell  yield,  as  well  as  the  iZo  and 
M  leading  to  it,  for  the  IBS  in  Hg.l  le  and  for  the  UA  in  Fig.l0e  are  fairly  similar.  But  note  that 
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a  given  yield  contour  extends  to  smaller  radii  for  the  LIA  than  for  the  lES.  This  difference  can  be 
seen  by  comparing  the  peak  K-shell  yields  at  each  Ro  in  Figs.  lOf  and  Ilf.  While  the  peak  Yk  over 
all  iZtf  are  about  the  same  for  both  machines  and  occur  between  S  and  6  cm,  the  LIA  can  iqpproach 
its  maximum  yield  with  Ro  as  small  as  4  cm,  while  the  peak  yields  for  the  lES  rq>idly  drop  off 
below  4  cm  for  Kr  and  Xe.  Hg.l  Ig  shows  the  similar  trend  as  for  the  LIA,  i.e.,  the  pinch  length 
fwthe  low  Z  elements  diould  be  large,  while  it  should  be  short  for  the  highest  Z  elements.  Again, 
Fig.llh  shows  that  the  present  study  is  not  sensitive  to  the  exact  frcmt  end  inductance  of  Table 
I.  The  higher  inductance  setting  of  Ihble  I  (case  b)  produces  a  slightly  lowm-  peak  yield  than  the 
lower  inductance  case  a.  It  is  interesting  to  note  that  this  is  the  exact  opposite  from  what  was  found 
for  die  LIA  and  suggests  a  different  dqiendence  on  the  frmit  end  inductance  of  the  two  machines. 

Ihhle  in  list  analogous  results  for  die  IBS  as  Tsble  H  for  the  LIA.  One  sees  dial  the  peak  yield 
and  condidons  are  frdrly  similar  on  the  two  design,  but  if  the  loads  are  limited  to  iZo  <  4  cm  the 
IBS  peak  yields  are  significandy  less  than  those  frt»n  the  LIA. 
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F1g.9(a)  Transmission  line  dicuit  used  to  model  tibe  Linear  Inductive  Vbltage 
Adder  (UA)  design  for  JUPITER,  bt  this  circuit  the  4  cells^nodule,  and  30 
modules  are  combined  in  parallel  vddi  the  low  inductance,  4-slot  fitont  eoA. 


l|‘8-4  (1/1/94) 
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Fig.9(b)  Transmission  line  dicuit  used  to  model  the  modular  Inductive 
Energy  Store  (IBS)  design  tor  JUPITER.  In  this  circuit  60  modules,  each 
containing  a  plasma  opening  switch  (POS)  are  combined  in  parallel  with  the 
low  inductance,  4-slot  front  end. 
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t  (ns) 

F^.10(4)  The  current  profiles  and  coax  MTIL  voltages  Q>)  for  LlA-4  for 
various  values  of  Hie  time  1  =  0  crareqxnds  to  the  closing  of  the 
FFL  switch.  The  pindi  length  is  4  cm.  and  the  final  feed  inductance  Lf  » 
1.94  nH  ftom'lU>le  I.  For  all  of  the  remaining  figures  the  cmiqnession  ratio 

Rf/Ro  =  Vi»- 
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tfmp  (ns) 


Flf.lO(c)  Tlw  imploaon  times  for  tiuee  pinch  Imigths  (f)  on  LlA-4  as  a 
function  of  (d)  The  plasma  kinetic  energy  at  imidosion  for  the  same 
tengtiis.  (.Lfs  1.94  nH). 
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M  (mg) 


Fig.lO(e)  Contours  of  total  krypicm  K-sbcU  yidd  based  on  the  scaling  law 
fartheLIA-4.  Loadoonditi<»isarediesameasinFig.lOa. 
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pettk  Y(  (MJ) 


Ro  (cm) 


F^10(f)  Peak  K-shell  yields  at  different  initial  radii  for  Ai(>  3  keV),Kx(> 
13  keV),  and  ^^28  keV)  on  LIA-4.  Note  diat  die  peak  yidds  are  close 
tft  tlirir  miiTimmn,  even  with  JL.  as  small  as  4  cm.  Load  conditions  are  the 
same  as  in  Hg.  10a. 
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peak  Yk  (MJ) 


FlfdOCf)  A  oonqMiisoo  of  peak  yields  as  a  function  of  initial  radius  for  a 
dioct(2cm)l<xigpindiandal(ng(6cm)ooe(mdieLlA-4design.  Yidds 
from  low  Z  material  ate  qjdmized  at  large  while  yidds  form  high  Z 
materid  are  better  from  pinches  with  a  slx»t  length.  (£/  =  L94nH). 
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P6ttk  Yk  (MJ) 


Fig.lO(h)  Peak  K<shdl  yidds  on  LXA-4  over  initial  radius  for  the  final  feed 
inHiifttannft  Lf  cK  1.94  nH  (case  a)  vs  2.86  nH  (case  b)  frcnn  Table  L  The 
yield  differences  are  deariy  snoalk  i.e.,  diange  in  final  feed  inductance  widi 
JZo  is  n^gible,  but  diere  is  a  systematic  trend  in  the  LIA  of  higho'  yields 
with  large  front  end  inductance. 
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n.  Peak  K-Shell  Yields  for  LIA-4  from  the  J-Scaling  Law. 


I  Ro  Urn,  M  Ek  yjc(Ar)  yir(Kr)  YjfCXc) 
(cm)  (cm)  (ns)  (mg)  (MJ)  (MJ)  (MJ)  (MJ) 


6.5  120  28 

3.7  120  86 

2.0  70  48 

6.2  115  23 

3J  115  68 

2.0  75  48 

5.7  no  13 

3.0  no  48 
2.0  80  43 


4200 


3900 


55  no  30 

4.0  85  23 

2.0  60  25 

5.0  100  23 

4.0  85  19 

XO  60  25 

4.8  100  15 

4.0  85  13 

2.0  70  25 


2200 

290 


ImTij 


2500 

370 


62  no  25 

4.0  80  19 

2.0  - 

55  105  21 

4.0  80  17 

2.0  - 

45  95  15 

4.0  90  14 


PCS  Ilo,4  (MA) 


If  R* 
aiP) 
1.00E401 
S.OOEtOl 
6.00EH)1 
1.00BH)2 
l.30Bf02 
2.00Bf02 
3.00Bf02 
4.00Bf02 
6.00E402 
7.00EH)2 
8.50E402 
1.00Sf03 
i.20Ef03 
1.50Ef03 
2.00BH)3 
2.30BH>3 
3.00Ef03 
5.00EH)3 
7.00E+03 
l.OOE+04 


Fig.ll(a)  The  cunent  profiles  and  coax  MTIL  voltages  (b)  for  lES-4  for 
various  values  of  The  time  i  =  0  cone^nds  to  the  time  of  POS 
<^)enmg.  The  pinch  length  is  4  cm,  the  final  feed  inductance  Lf  =  1.94  nH 
fromTri>leI. 
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MRo  (mg  cm^) 

Fig.ll(c)  The  inqplosion  time  fiv  duee  pinch  lengths  (Q  on  IES-4  as  a 
function  of  MB^.  (d)  The  plasma  kinetic  enngy  at  inq>losion  for  the  same 
Imgdis.  (Jtf  s  1.94  nH). 
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Fig.ll(e)  Qmtours  of  total  kiypttm  K-shell  yield  based  on  the  scaling  law 
for  the  IES-4.  Loadconditi(xisaretliesaiDeasinFig.lla. 


Flg.ll(f)  PeakK-shdl  yields  atdiffermt  initial  radiiforAr(>3  keV),  Kr(>  13 
keV),andXe(^28keV)onIES-4.  Ttie  results  for  the  LIA  from  Fig.  lOf  are 
diqdayed  for  direct  comparison.  Loadconditi(»isaretbesameasinFig.lla. 
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u _ i-i _ I _ ^ _ I _ I _ I _ I _ r 

2  4  6  8  10 

Ro  (cm) 


F^ll(g)  A  conyarison  of  peak  yidds  as  a  functicm  of  initial  radius  for  a 
diort(2cm)iongpmchandal(Hig(6cm)onthelES-4deaga.  Yieldsfirom 
low  Z  inaterial  are  optimized  at  lazge  while  yields  fcmn  high  Z  material 
are  better  from  pinches  with  a  short  length.  (L/  s  1.94  nH). 
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p«ftk  Yk  (MJ) 


Fig.ll(h)  ^ak  K-shell  yields  on  lES-4  over  initial  radius  for  the  final  feed 
inAirtaiicft  X/  of  1.94  nH  (case  a)  vs  2.86  nH  (case  b)  from  Table  I.  The 
yield  differences  are  small,  Le.,  diange  in  final  feed  inductance  widi  Ro  is 
but  the  trend  is  opposite  firom  the  LIA,  i.e.,  smaller  front  end 
inductances  produce  smaller  yields  at  large  radii. 
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lU>le  m.  Peak  K-Shell  Yields  for  IES-4  from  the  J-Scaling  Law. 
(Jpos  -  90  MA  at  opening.) 


M 

Bk 

YA'(Ar) 

yjf(Kr) 

(cm) 

(cm) 

(ns) 

(mg) 

(MJ) 

(MJ) 

(MJ) 

165  32 

165  83 

4.0  135  75 

2.0  75  27 

7J  150  23 

A2  150  73 

4.0  140  68 

ISi  80 

6.2  135  15 

33  135  54 

2.0  90  33 

63  140  31 

4.0  90  17 

2,0  70  25 

63  140  26 

4.0  95  16 

2.0  75  25 

53  125  16 

4.0  95  11 


73  140  23 

4.0  80  11 

2.0  - 

6.5  135  22 

4.0  90  12 

2.0  - 

53  125  16 

4.0  100  13 


VI.  Projected  K-Shell  Yields  for  Variations  of  the  LIA  and  EES  Designs 


The  JUPllER  dicuit  designs  of  Figs.9a  and  9b  can  readily  be  altered  to  investigate  both 
the  circuit  resiUeo^  to  frimt  end  changes  as  vroll  as  the  design  flexibility  arising  from  the  switch 
parameters.  The  nomenclature  associated  with  the  different  machine  versions  studied  in  this  section 
are  listed  in  Thble  IV. 


Thble  IV.  Notes  cm  the  Various  Machine  Vsrsions 


nmnenclature 

description 

LIA-4 

Rg.9a 

UA-S 

twice  front  end  inductance 

LIA-6 

FFL  switch  permanently  closed 

IES-4 

Rg.9b 

IES-5 

twice  front  end  inductance 

1ES*6 

POS  opens  at  130  MA  in  storage  inductor 

lES-7 

sameaslES-6but 

~  100  ns,  Zffgifg  ~  0.067  0 

The  fnmt  md  design,  as  presently  ccnfiguted  with  the  4-slot,  double  post-hole  convolute, 
mig^  be  overly  aggressive  in  fliat  the  estimated  electnm  losses  throu^  this  r^on  prove  too 
optimistic.  One  fallback  position  would  be  to  return  to  the  original  design  witii  a  2-slot,  single 
post-hole  cmivolute.  Tb  investigate  tile  effects  of  this  potential  course  of  acticm  upon  tile  projected 
yields  we  approximate  the  latter  front  aid  by  doubling  tiie  inqiedance  of  every  dement  starting 
witii  tiie  **coax-to-disc  convolute”  to  the  ”post-hole  convolute”  dement  of  Figs.9a  and  9b.  The  Itmg 
MTTL  in  the  LIA  and  the  storage  inductm  in  the  lES  mnain  unchanged.  The  1.94  nH  of  Ihble 
I  for  IZo  ~  S  cm  is  replaced  by  3.70  nH.  The  peak  yidd  over  Ho  for  LIA-S  is  conqiaied  with  tiie 
previously  diqplityed  results  for  LIA-4  in  Rg.l2a.  Oearly,  the  adder  design  is  hardly  affected  by 
a  douding  of  the  front  aid  inductance.  The  similar  perfomance  for  the  higha  inductance  frtmt 
end  is  due  to  a  correspondng  increase  in  the  MITL  voltage  of  Rg. lib,  from  a  plateau  of  ~7MV 
to  ~9  MV.  The  front  end  of  UA-S  is  dosa  to  a  matched  load  since  the  reflected  voltage  wave 
is  reduced.  A  similar  insoisitivity  in  tiie  coupled  kinetic  oiergy  due  to  moderate  dianges  in  the 
front  end  inductance  was  found  hy  Corcoran  [Ref.ll]  when  MTTL  losses  were  induded.  On  the 
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other  haod,  the  IES-5  system  is  compranised  by  an  increase  in  the  inductance  as  shown  in  Fig.l2b. 
Acoxding  to  Ref.l2,  any  increase  in  the  fcxMit  end  inductance  between  the  storage  inchictor  and  the 
load  f<x-  an  EES  system  leads  to  a  degradation  in  oiergy  coupling  to  the  pinching  load  Fkv  lES-S 
tihe  peak  Kjc  in  argon,  krypton,  and  xenon  is  only  about  Vs  of  that  from  EES-4. 

It  is  possible  to  disw  on  the  inherent  flexiUlity  of  each  design  to  eidier  lower  the  magnitiiAt 
of  die  driving  voltage  pulse  or  tip  more  energy  from  die  generator.  In  the  LIA  sippose  die  PPL 
switch  is  permanently  closed  Then  one  can  both  gain  back  energy  lost  during  the  resistive  ctosiiig 
phase  of  die  switdh  and  lower  the  peak  voltage  by  stretching  out  die  pulse  in  time.  For  die  design 
version  LIA-6.  die  FFL  swhdi  <tfHg.9a  is  closed  at  <  =  0  and  the  initial  charge  on  die  inleniiBdiate 
store  is  raised  to  16.8  MV  to  aooomtt  for  die  hbaenoe  of  energy  disspation  [Ref.l3].  The  front 
end  returns  to  die  low  inductance  4-slot  verrioiL  Hgnres  13a  and  13b  present  the  load  current  and 
MTIL  voltige  for  LIA-6  fix*  varions  and  can  be  direcdy  conpared  to  the  LlA-4  results  in 
Figs.lOa  and  lOb.  Because  of  die  hbsenoe  of  power  cmipiession  via  die  FFL  switch,  die  current 
and  vcdtageprrtfles  are  significandy  elongated  compared  to  LIA-4.  For  each  fixed  Afi^  the  peak 
current  of  L1A<6  is  lower  dian  in  LIA-4.  but  die  same  is  not  true  of  For  instance,  at  MJZ* 
s  10*  mg  cn^  die  peak  Vmitl  is  MV  in  bodi  cases,  aldiough  this  peak  is  near  the 

begmniiig  of  die  pulse  in  LtA>4  vddle  at  in^^osiao  in  LIA>6.  The  MTTL  vtdtage  for  Af >  2000 
rng  crn^  is  only  about  half  diat  on  UA-4,  vdudi  would  indicate  that  dectron  insuladon  would  be 
easier  to  sustain  on  LIA<6.  The  inoffiosion  times  for  die  same  Af  are  significantly  longer  in 
LIA-6  than  LIA-4  as  shown  in  Rg.l3c.  Hgme  13d  shows  that  the  peak  coipledkiiieticaiergy  for 
LIA-^  is  smaller  and  shifted  to  a  higher  compared  to  LIA-4.  As  we  have  seen  before,  diis 

means  diat  the  initial  radios  leading  to  the  peak  K-shell  yields  are  also  increased,  as  bom  out  by 
Fig.l3e.  As  a  matter  of  fact,  the  Xe  yield  for  LlA-6  does  not  show  up  on  the  grqrii  and  for  A«  <  10 
on  the  peak  ymlds  in  Ar,  Kr,  and  Xe  ate  all  smaller  dian  the  peak  Yk  from  lJA-4.  Thble  V  lists 
peak yidds  at  several  radii  and  assodatedijmryM,  and  forLIA-6withf  s4cm.  The  results 
for  LIA-4  are  included  from  IhUell  for  ease  in  conparison.  Qeatly,  the  permanoit  closure  of  the 
PPL  switdi  offers  no  advantage  to  the  adder  in  terms  of  yield,  but  some  advantage  of  a  low  Vm  itl 
vdien  MI^  is  large. 

The  plasma  opening  switch  in  die  lES  <fe^n  likewise  offers  the  potratial  to  tip  mcxe  energy 
from  die  generator.  In  the  standard  LIA-4  design,  the  switch  b^hts  to  cpoi  when  the  currmt  in 
die  storage  elonent  reaches  90  MA.  In  terms  of  Hg.9b  this  occurs  0.96  /is  after  the  enogy  begins 
to  flow  out  of  the  marx  banks.  However,  die  storage  current  is  till  rising  as  this  time  and,  if  the 
tpening  of  the  POS  is  ddi^ed  until  1 J3  fis,  die  current  in  the  storage  element  peaks  out  at  130 
MA.  We  will  r^er  to  the  lES  design  version  widi  the  latter  switch  opening  time  as  IES-6.  As  noted 
above,  the  actud  conduedtm  time  of  the  switch  is  smaller  than  133 /is  due  to  the  wave  transit  time 
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from  the  marx  to  the  POS.  Measured  from  the  time  that  the  POS  first  begins  to  carry  1  MA,  the 
effective  conduction  time  for  IES-6  is  1.08  /as,  con:^>aied  to  0.7  /is  for  IES-4.  Hw  increase  in  the 
load  current  for  IES-6  is  demonstrated  in  Fig.l4a  where,  for  instance,  the  peak  current  for  = 

2000  mg  cm*  is  '>«8S  MA  for  IES-6,  but  MA  fix’  IES-4  (see  Ing.l  la).  The  time  to  reach  rhu 
peak.  ~9S  ns.  is  same  in  both  designs  because  we  have  kept  the  same  opming  time  A<»pen  and 
Z/tew  switdi  parameters.  Consequently,  the  initial  peak  of  the  voltage  across  the  POS,  shown  in 
Fig.l4b,  is  larger  for  IES-6  dian  for  lES-4  (Fig.llb).  If,  instead  of  mainraining  the  same  switdi 
ptfamders,  it  is  found  that  the  price  of  a  longa  ctmduction  time  switch  is  both  a  slower  opening 
and  a  smaller  flow  impedance,  tile  current  and  voltage  results  are  quite  different  Fig.l4c  and  14d 
prei^  nt  and  Vpos  for  the  same  long  conductitm  switch  but  twice  the  opening  time  and  half 
tile  feyw  impedance.  This  design  version  is  termed  IES-7.  Note  the  peak  current  for  if  JZj  s  2(X)0 
mgcn^  isonly  ~70MAandittakBS~120ns(oreadiit  Theinitialiiseofl^os  is  also  reduced 
bdow  IES-4  and  IES-6.  The  inqtiosion  times  and  kindic  ei^gies  for  the  three  versimi  IES-4, 
-6,  and  -7  are  diqdayed  in  Hgs.l4e  and  Fig.l4f,  respectively.  The  hi^ier  currents  of  IES-6  lead 
to  shorter  Ump*  and  inversely  for  IES-7.  For  the  Ejr  cotqiled  to  the  load,  tiie  peak  for  IES-6  is 
substantially  above  tiiat  for  the  standard  modd  but  at  nearly  the  same  For  IES-7  tiie  peak 
Ek  is  also  larger,  but  occurs  at  a  larger  if The  peak  K-shell  yield  for  the  three  operating 
veraou  as  a  frmction  of  initial  radius  is  shown  in  Fig.l4g.  As  expected,  IES-6  offers  a  substantial 
increase  in  tiie  Ar,  Kr,  and  Xe  yields,  and  yields  near  the  peak  can  be  obtained  at  itmallM-  radii  on 
IES-6  tiian<mlES-4  and  IES-7.  However,  if  tiie  Itmg  conduction  switch  does  not  t^ien  in  a  similar 
manner  to  tiiat  of  tiie  standard  case,  but  instead  the  opening  parameters  become  d^raded,  as  for 
lES-7,tiien  the  radii  required  to  reach  the  same  peak  as  in  lES-4  move  significantly  outward.  Table 
VI  lists  peak  yields  at  several  radii  and  associated  Ump^M^  and  Bk  for  IES-6  and  IES-7  with  I 
s  4  cm.  The  results  for  IES-4  are  included  firom  Ttiile  m  for  ease  in  conqiarison.  In  sununary, 
the  advantages  offered  by  a  longer  ctxiduction  time  in  the  lES  design  can  only  be  realized  if  (i) 
insulation  can  be  maintained  at  ~10  MV  and  (ii)  the  switch  performance  in  terms  of  opening  time 
and  flow  impedance  are  not  seriously  degraded. 
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Ro  (cm) 

Fig.l2(a)  Conqiarison  of  tbe  peak  yidds  over  initial  nulius  for  the  standard 
(LlA-4)  and  hig^  inductance  fnmt  end  (UA-S)  versions  of  the  nlder  designs. 
Tliere  is  n^gible  difference  between  diem.  {Lf  - 1.94  nH.) 
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Rp  (cm) 

Ffg.l2(b)  Gomparisoa  of  the  peak  yidds  over  initial  radius  the  standard 
(IES-4)  and  high  inductance  fi:<(xit  end  (lES-S)  versions  of  the  inductor 
designs.  The  peak  Yk  for  lES-5  is  ~  */i  of  1E&4.  (£/  =  1.94  nH.) 
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F^13(a)  Load  curreot  and  MTTL  voltage  (b)  jnofiks  Ua  die  adder  design 
verrionwidi  a  permanendy  closed  FFL  switch,  Le^  LIA-6.  Broader  profiles 
and  lower  peak  currents  can  be  seen  by  conqiatiscMi  widiLIA-4  in  Figs.lOa 
and  10b.  (X/sl.94nR) 
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(su) 


MRf  (mg  cm*) 


Fig.l3(c)  Comparisoa  of  in^loaon  times  and  coupled  kinetic  enetgies  (d) 
for  LlA-4  and  LIA<-6.  The  broad  profiles  of  Fig.l3a  and  13b  lead  loi^a 
tjmy*  smaller  jBiTt  and  a  shift  in  tile  peak  kinetic  energy  ovn  conqiared 

toLIA-4.  (£/sl.94nH.) 
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peak  (MJ) 


Flgd3(e)  Compariscm  of  the  peak  K-sbeO  yields  in  Ar,  Kr,  and  Xe  for  LIA-6 
and  LIA-4.  The  Xe  yield  form  LIA-6  is  below  100  kJ.  The  shift  in  Ek  vs 
AfJ^  causes  the  r»hus  frn:  peak  yield  to  increase.  {Lf  - 1.94  nH.) 


51 


Table  V.  Peak  K-Shell  Yields  for  T\vo  LIA  Versions 


t 

(cm) 

(cm) 

^imf 

(ns) 

M 

(mg) 

Ek 

(MJ) 

rK'(Ar) 

(MJ) 

Kif(Kr) 

(MJ) 

YKiXe) 

(MJ) 

LIA-4 

4 

6.2 

i 

23 

21 

6400 

LIA-4 

4 

35 

nn 

68 

21 

6400 

LlA-4 

4 

2.0 

75 

48 

14 

4200 

LIA-6 

4 

7.0 

265 

51 

15 

4600 

LIA-6 

4 

4.0 

170 

33 

10 

2900 

LIA>6 

4 

2.0 

no 

25 

5 

810 

UA-4 

4 

5.0 

100 

23 

20 

3000 

LIA-4 

4 

4.0 

85 

19 

2500 

UA-4 

4 

2.0 

60 

25 

370 

LIA-6 

4 

8.8 

240 

23 

1400 

LIA-6 

4 

4.0 

125 

10 

470 

LIA-6 

4 

2.0 

- 

- 

0 

LlA-4 

4  . 

55 

105 

21 

21 

260 

UA^ 

4 

4.0 

17 

16 

210 

UA-4 

4 

2.0 

- 

B 

0 

UA-6 

4 

10.0 

225 

14 

650 

UA^ 

4 

4.0 

110 

B 

85 

LIA-6 

4 

2.0 

■ 

0 
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POS  *  lload 


Fi8.14(a)  Load  curreot  and  MTIL  voltage  (b)  profiles  for  IES-6.  The 
tifiM*  of  this  design  version  opens  with  130  MA  in  the  storage 
inductor,  as  <q)posed  to  90  MA  for  the  standard  lES-4.  The  opening  time 
and  Zfu»m  are  the  same  as  IES-4.  Note  the  enhanced  load  current,  but  also 
the  larger  FpoSfCon>pai«d  to  the  standard  version  in  Figs.  11a  and  11b.  {Lf 
=  1.94nH.) 
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Fig.l4(c)  Load  current  and  MITL  voltage  (d)  profiles  for  IES-7.  As  for 
IES-6,  the  conduction  time  of  this  design  version  also  opms  with  130  MA 
in  die  sUxage  inductor,  but  the  qpoiing  time  is  doubled  and  Z/iot»  halved 
compared  to  IES-4  and  IES-6.  Consequently  both  lutai  and  Vpos  are 
reduced  and  stretched.  iJLj  - 1.94  nH.) 
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Ro  (cm) 

F^14(g)  Goaq)arison  of  the  peak  K-sbell  yields  in  Ar,  Kr,  and  Xe  for  lES- 
4,  IES-6,  and  IES-7.  Note  that  if  die  POS  in  the  long  conduction  version 
opens  in  a  similar  manner  as  in  die  standard  version  GES-4)  then  the  yields 
(IES-6)  are  agnificandy  iiiq»oved.  However,  if  the  long  conduction  time 
seriously  deteriorates  the  POS  opening  (IES-7),  then  the  yield  performance 
is  not  enhanced  for  Kr  and  Xe.  {Lf- 1.94  nH.) 
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TBble  VI.  Peak  K-Sbell  Yields  for  Three  lES  Versions 


Ro 

^mp 

M 

Ek 

Kjr(Ar) 

yjr(Kr) 

yjr(Xc) 

(cm) 

(cm) 

(ns) 

(mg) 

(MJ) 

(Ml) 

(MJ) 

(MJ) 

150  23 

140  68 

1  30 
140  33 

4.0  140  119 

2.0  75  52 

10.0  325  91 

4.0  170  68 

2.0  115  48 

6JS  140  26 

4.0  95  16 

2.0  75  25 

62  125  34 

4.0  85  21 

2.0  62  25 

9.2  220  32 

4.0  120  14 

ZO  - 

6.5  135  22 

4.0  90  12 

2.0  - 

6.5  130  34 

4.0  85  21 


1^ 


4.0  115  11 

2.0  - 


6300 


10600 

10600 

4500 

8100 

5700 

1800 


Vn.  Summary  and  Coodusi<ms 


The  objective  of  the  inesent  investigati<n  was  to  estimare  radiation  yields  from  JUPITER-class 
generators  based  oa  scaling  laws.  Because  z-fnnches  on  JUPITER  nu^  not  inq>lode  to  as  small  a 
radius  as  seen  oo  DOUBLE  EAGLE  and  SATURN,  and  because  some  JUPITER  loads  will  consist 
of  hi|^  atmnic  number  material,  two  revisions  to  the  established  scaling  law  of  Whitn^,  et  al., 
(Ref.2]andThonihiU,etaL  (Ref3]  were  necessitated.  First,  a  dependency  on  the  final  pinch  radius 
Rf  was  incoqxxated  to  account  for  the  funch  densiy  (oc  ^).  This  is  relevant  in  die  optically 
diinradiatioo  limit  Second,  a  multiplicative  factor  derived  firomFig.1  was  used  to  account  for 

ingdoskmaedikdi  am  hardy  eneiytic  enough  to  kimae  die  pinrb  material  into  In 

dieparlanceofeqpXl)»dieseimiJoaiooshave<y;SL  These  revisions  are  included  in  die  J-scaling 
law  of  eqns.(3),  (4),  and  (S).  hi  die  effickot  regime  [e(]n.(3b)]  die  K-shell  yield  is  ~30%  of  die 
coiqiled  kinetic  eoeigy  Ek.  The  transitioo  from  this  r^ime  to  die  inefficient  r^ime  [e(in.(3a)] 
occurs  at  the  mass  brealqioint  ACbp  given  in  e^CT).  Theoretical  predicdoQS  for  die  yield  emeige 
from  a  ccxnlMnation  of  a  diin  shell  model  for  die  inqiloskin  dynamics,  acircuit  for  the  generator, 
and  die  K-sheU  radiation  J-scaling  law.  In  the  present  qproadi,  given  a  machine  ciicuit  pinch 
lengdi  4  initial  load  inductance  £«,  and  an  assumed  compression  ratio  jR/ZJZo,  die  inqdosion  time 
iiwy  and  ooiqiled  load  kiiieticcneigygjr  are  dependent  only  on  the  product  AfJ^. 

lb  assess  die  accuracy  of  the  revised  J-scaling  law,  predictions  for  the  K-shell  yield  of 
aluminum  on  DOUBLE  EAjCH£  and  SATURN  were  compared  widi  esqierimeatal  data  in  the 
load  mass  -  initial  radius  (JIf  —  JR.)  plane  of  Figs.6a  and  fib,  reflectively.  A  compression  factor 
Rf/Ro  Ci  Vt  assumed.  The  predicticms  of  peak  yields  agree  widi  the  data  for  SATURN, 
but  underestimated  die  DOUBLE  EAGLE  data.  The  latter  data  suggest  that  DOUBLE  EAGLE 
can  achieve  neatly  100%  ccmvertion  of  kinetic  energy  into  K-shell  radiation,  much  larger  than 
die  ^^30%  amversirMi  efficient  found  fipmn  the  simulations  used  to  derive  the  scaling  law.  Tte 
J-scaling  law  is  based  tmly  on  the  thermalizatimi  of  kin^c  energy  and  does  not  include  resistive 
heating  in  die  pinched  phase.  Thus  this  law  can  be  enoployed  as  a  conservative  predictor  for  yields  on 
JUPITER-class  graerators,  assuming  that  both  the  dmmalization  dynamics  and  the  atomic  numbn 
Z  dqiendence  derived  for  the  scaling  relations  also  f^ly  to  krypton  and  xenon  (Ml  JUPITER. 

bi  fiplying  die  J-scaling  relations  to  JUPITER-class  genraators  two  fiproaches  woe  taken. 
The  first  was  to  use  an  equivalent  Thevenin  circuit  (Bg.  7)  to  model  a  general  machine  cfiable  of 
prododnglOtolOOMAloadamrent  Fig.8  shows  that  low  ZmateriaL  such  as  aluminum  (Z  =  13) 
aidargon(Z  s  18),  will  radiate  in  the  efficient/^  r^jme,i.e.,yjc  ~0.3JE7jr,  on  JUPITER.  On  the 
odier  hand,  radiation  from  high  Z  material  like  xaKMi(Z  =  54)  varies  as /*,  which  indicates  the 
in^ficient  r^ime.  KryptcMi  (Z  s  3fi)  would  be  in  the  efficient  r^ime  if  the  peak  load  current  were 
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~100  MA.  At  the  anticipated  JUPITER  ciurait  level  of  MA,  krypton  is  a  transition  radiator 
b^ween  the  two  r^noes. 

The  second  approach  was  to  look  at  specific  candidate  designs  for  JUPITER  and  assess  their 
individiial  radittioo  perfonnance.  The  transmission  line  cifciiit  used  to  model  the  4  cells/module. 
30  modhile  linear  Inductive  Adder  (LlA-4)  widi  a  low  inductance,  4-slot  front  end  is  presented 
in  Rg.9a.  Hgure  9b  draws  the  tiusmission  line  cucuit  used  for  the  60  module  Inductive  Energy 
Store  (lES)  design  widi  a  similar  low  inductance.  4-slot  firont  end.  Many  assumptions,  listed  at 
the  hegiiiiiiiig  af  Wrinn  V,  warn  jwmrpnrati^  witn  the  etmiit  nwvteling  marhin^  Oneof 

Oiese  involved  die  use  of  aooostant  final  feed  inductance  X/indq)endent  of  die  initial  radius.  This 
sin^ilificatioo  fecilitated  die  calculadon  of  yields  for  many  different  initial  inasses  Af  and  radii  JZo. 
Vttiatioiis  of  die  final  feed  indncttaoe  with  JZ»  and  f  were  presented  in  ThMeL  The  dqiendence  of 
die  load  inductanoe  on  pindi  length  f  was  ahMQrsaoooimted  for  in  die  calculadons.  Ibpcedictthe 
yields  die  ciicnits  were  omnhined  widi  a  diin  shell  model  fw  the  pinch  dynamics  and  the  J-scaling 
lawfordieK-diellfadiationouQNit  For  both  machines  die  ccraqnessimi  factor /2//R»  was  fixed 
at  Vis*  Smaller  coa^ressions  lead  to  corresponding  smaller  yields,  but  die  trends  similar.  Four 
main  results  emerged  from  die  stwfy  (rf  diese  two  standard  JUPITER  candidate  designs: 

•  For  values  ctfJf^whidi  lead  to  optimal  £jr  coupling,  the  voltages  both  at  the  long  MTTL 
in  LIA-4  and  across  the  switch  in  IES-4  reach  a  {riateau  at  about  7  MV  (Fig.l0b  and  lib). 
However,  dus  occurs  ~35  ns  after  the  initial  voltage  rise  on  die  former  design  and  ~S0  ns 
<ni  die  latter .  Consequently,  the  load  current  (Jiomd)  risetime  is  longer  cm  lES-4  than  LlA-4: 
Itomd  readies  its  peak  of  71  MA  at  70  ns  for  Afi^  s  10*  mg  cm*  and  /  s  4  cm  on  LIA-4, 
while  for  die  same  the  conditions  the  peak  Jum4  is  65  MA  at  100  ns  on  IES-4. 

•  The  peak  vahie  of  Ek  for  {nnch  lengdis  £  s  2, 4,  and  6  cm  are  »milar  for  lES-4  and  LlA-4, 
namdy  ^15,  '^21,  and  *^25  MJ,  reflectively.  However,  the  initial  load  configuration  leading 
to  the  peak  Ek  aie  differmt  (Fig.l0d  and  1  Id).  The  peak  Ek  occurs  at  MRl/i  '^>200  mg 
cm  for  IlA-4,  and  ~300  mg  cm  ftv  IES-4. 

•  For  both  marhineg  file  total  Itinetic  energy  coupled  to  the  load  increases  with  length,  but 
drarterinndies  produce  more  kinetic  energy  per  unit  length.  This  feature  inqiacts  the  optimal 
yielding  pinch  lengdi  fix’ different  atomic  number  loads.  Fcx  low  Z  material  like  argon,  which 
are  in  die  effident  r^me  with  Yk  ~  0.3£jc«  of^mal  yields  are  obtained  with  long  pinches 
sudi  as  6  cm.  On  die  odier  hand,  ftx  high  Z  nutnial  such  as  xenon,  short  pinch  lengths  (£  ~2 
on)  produce  higher  yields.  Krypton  is  in  between  with  2, 4,  and  6  cm  giving  about  the  same 
results  (Rgs.lQg  and  1  Ig). 


59 


ranging  betwem  4.5  and  7  cm  for  both  machines  (Tables  n  and  m). 

•  The  standard  circuits  with  4  cm  long  loads  produce  about  the  same  peak  yields  for  Ar  {^1 

MJ),  Kr  (~3  MJ).  and  Xe  (~0.3  MJ)  and  the  initial  radii  for  these  yields  range  from  4.5  to  8.5 
cm  (Ihble  n  and  m).  However,  the  variation  of  Yk  with  Ro  within  each  design  is  diffomt 
-  Oe  peak  Kjr  for  Kr  and  Xe  occurs  at  a  larger  radius  on  IES>4  than  on  LIA-4  (Fig.110- 
IHirtbennoie,  die  Kr  and  Xe  yields  cm  LIA-4  are  superior  to  those  on  IES-4  if  one  restricts 
the  initial  radius  to  <4  cm.  This  reflects  die  diffetences  in  voltage  and  load  current  tis^imes 
referred  to  above.  One  potential  advantage  adiieving  good  yields  with  smaller  initial  radii 
lies  in  limiting  die  distuptioo  of  a  diin  plasma  shell  by  Rayleigh-Taylor  instabilities  during 
die  lun-in  phase.  On  die  other  hand,  if  altenudve  load  designs  can  mitigate  die  disnqition 
widKNit  loss  in  yield  performance,  then  smaller  are  not  crucial,  htore  will  be  discussed  on 

this  to{ttc  at  die  end  of  the  present  section. 

Several  versioos  in  both  die  LIA  and  IBS  standard  design  were  investigated  to  determine  the 
yield  reqiooae  to  front  end  changes  and  to  alternative  switch  operations.  A  descrqitkm  of  the 
qiedfic  Hftrign*  and  die  subordinate  vernons  is  presented  in  Ihble  IV.  Three  further  conclusitms 
were  drawn  from  diis  study  alternative  generator  operating  points: 

•  Most  of  the  cakulations  presented  in  this  paper  were  performed  with  a  fixed  final  feed 
inductance  £/  (eqn.(15)]  v^iidi  neglects  die  dqmndenqr  of  X/  on  Ro.  A  test  of  this 
simplification  »i«ng  extreme  values  for  Lf  shows  diat  the  yields  vary  sli^idy  (Figs.l(Hi 
and  llh).  However,  larger  changes  to  the  front  end  inductance  might  arise  if  it  is  found  that 
die  4-slot,  double  post-hole  convolute  design  does  not  adequately  maintain  insulation  of  the 
vacuum  dectron  flow.  If  the  front  end  design  returns  to  the  2-slot  post-hole  convolute,  then  the 
tnral  inductance  of  die  fnxit  end  i^qnoximately  doubles.  In  the  case  of  the  LIA  the  machine 
is  quite  lesilieot  to  such  changes  in  the  fnxit  end  (Fig.l2a),  however  the  yields  for  the  lES 
decrease  by  about  v^ien  die  front  end  inductance  is  doubled  (Fig.l2b).  The  response  of  a 
design  to  various  front  end  inductances  should  be  included  when  judging  the  versatility  of  the 
adder  and  inductive  store  JUPITER  designs. 

•  If  the  PPL  switdi  (m  the  UA  (see  Fig.9a)  is  permanoidy  closed,  then  the  voltage  stress  on 
the  MTTL  is  significandy  reduced  (Fig.l3b).  The  peak  Ek  is  reduced  for  this  LIA-6  v^on 
and  is  shifted  to  a  hi^ier  MF^  (Hg.l3d).  The  peak  yields  are  also  significandy  reduced, 
aiwl  require  larger  Ro  conqmed  to  the  standard  LIA-4  (Fig.l3e  and  Table  V).  Since  the  adder 
concqit  is  basically  a  voltage  drivn  as  far  as  the  load  is  concerned,  any  pown  decompression 
in  the  line  also  reduces  enngy  delivered  to  the  load. 
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•  In  the  standard  IES-4  version  the  POS  begins  to  open  when  the  current  in  the  storage  inductor 

reaches  90  MA.  This  corresponds  to  a  fis  conduction  time  on  the  switch.  In  ti^  IES-6 
and  IES-7  versions  the  conduction  time  was  increased  to  ~  1.08  /£S,  when  the  storage  current 
peaks  at  130  MA.  For  IES-6«  the  opening  time  A<o^  and  Z/iow  of  the  switch  are  the  same 
as  for  IES-4.  There  is  an  significant  enhancement  of  gy  for  IES-6  COOOpued  to  that  for  IES-4 
at  die  same  (Fig.l4f).  For  the  Ar,  Kr,  and  Xe  yields,  IES-6  provides  the  hugest  yields 
of  all  the  machines  studied  for  ai^  initial  radii  (Fig.l4g  and  Table  VI.).  In  particular,  the  peak 
yields  at  initial  radii  <4  cm  are  larger  than  those  from  the  standard  addu^  design  LIA-4.  The 
long  oonductimiswitdi  dearly  gives  an  advantage  to  (he  inductive  store  design.  But  it  is  only 
a  potential  advantage.  In  order  for  die  POS  to  open  folly  and  quiddy  as  in  IES-6,  the  switch 
must  sustain  ~10  MV  (Rg.l4b).  However,  the  opening  efifidenc^  of  a  Imig  conducdcm  POS 
may  d^tade  due  to  the  higher  densities  needed  for  longer  conduction  times.  Siqiposethat 
a  l<»ig  conduction  POS  leads  to  a  doubling  of  the  opening  time  and  a  halving  of  Zftam*  as 
modded  in  IES-7.  Then  die  Kr  and  Xe  yields  will  be  inferior  to  those  from  IES-4  at  middle 
radii  (Fig.  14g)  -  one  must  move  out  to  ~  10  cm  to  adiieve  similar  peak  yidds  as  OD  IES-4. 

Qeariy  the  id^sicd  modd  for  and  die  operation  of  the  POS  must  be  ascertained  to  effectively 
judge  ar^  daimed  flexibility  of  the  inductive  store  designs. 

In  conqiaring  die  varioiB  JUFIIER  designs  for  yidd  performance  widiin  this  rqxxt,  scaling 
laws  were  the  tool  of  chmoe  due  to  die  time  ctmstraints  inqxised  by  the  JDOST.  Whatever 
i^qnoximatimis  and  assunqitions  are  inherent  to  die  J-scaling  modd,  all  naachines  were  compared 
with  the  same  law  and  the  above  ocMiclusiinis  were  drawn  from  the  trends  displayed  by  the  results. 
These  conqiarisons  have  been  broad  in  parameter  space,  but  the  in-dq>th  analysis  of  load  physics 
issues  relevant  to  a  JUFTTER-dass  goierator  have  been  limited.  The  present  J-scaling  model  is 
subject  to  many  assunqitimis  and  extrqiolations.  For  instance,  the  employed  J-scaling  law  neglects 
additiond  resistive  heating  during  stagnation,  n^ects  the  effects  of  the  L-  and  M-shell  atomic 
physics  on  the  K-shell  dynamics  as  one  scales  horn  aluminum  up  to  xenon,  and  ignores  questions 
r^arding  the  early  breakdown  and  stability  of  large  diameter  loads.  These  aspects  lead  us  to  focus 
on  future  theoreticd  research  directions  which  impact  JUPITER  load  designs. 

•  In  an  actual  inqilosion  the  plasma  has  a  spiuial  distribution  in  drasity,  tenqierature,  velodty, 
etc.  Though  an  average  velodty  may  lead  to  17  ~  1,  a  fractirm  of  the  plasma  along  the 
axis  may  be  heated  suffidently  to  emit  K-shell  emission,  resistive  heating  of  pinched  plasma 
may  also  contribute  to  this  emission,  and  an  outer  cool  region  may  act  to  downshift  the 
radiation  spectniriL  In  the  initial  pq)ers  on  scaling  [Refs.2  and  3]  these,  and  othn;  effects 
were  accounted  for  by  using  multi-zone,  nun^cal  simulations  to  model  the  dynamics  and 


radiation  producticMi.  However,  only  aluminum  implosions  were  analyzed,  and  these  effects 
in  higher  Z  elements  will  be  much  more  severe.  The  J-scaling  law  results  suggest  particular 
r^ons  of  parameter  space  to  focus  on  with  more  detailed  multi-zone  simulation  work.  The 
latter  should  be  used  to  ^)ecifically  address  the  larger,  longer,  and  heavier  loads  of  JUPITER. 
This  will  he4>  to  clarify  the  potentially  unique  pinch  stagnatiem  physics  at  ~60  MA  load 
currmL  In  conjunction  widi  this  iqtproach,  the  energy  coupling  between  the  generator  and  the 
load  should  address  the  losses  due  to  transition  electrons  in  the  MTILs. 

•  Predicdtms  of  aluminum  and  argon  K-shell  yields  on  JUPlTER-class  generators  are  reliable 
because,  fm*  a  ~60  MA  driver,  apfm^rriate  mass  loadings  of  these  matnials  can  be  found 
such  diat  the  innch  emits  in  die  effideatr^ime.  In  this  case,  the  yield  is  direcdyprpportioiial 
to  the  coiqded  kinetic  energy,  and  the  calculation  of  the  latter  quantify  is  straightforward. 
For  krypton,  the  cqidmal  yieldiiig  inqilosions  cm  JUPITER  will  have  q  ~  1.  For  xenon,  17 
will  be  even  wnaller.  In  this  low  17  regime,  the  K-shell  yields  dqiend  on  conqilex  details  of 
the  inq)loa<Mis,  like  Idnedc  energy  dienzializatimi  and  temperature  equilibration,  as  well  as 
the  gross  L-shell  and  M-shell  radiadmi  losses  during  the  run-in  phase.  The  re^nse  of  the 
rfynamics  due  to  these,  losses  finmi  high  Z  matoial  will  be  significandy  different  from  the 
aluminum  lespcmse,  which  was  used  to  develop  the  scaling  law.  For  the  high  Z  material  at 
and  above  krypton,  ionizftdon  dynandcs  should  be  an  int^ral  part  of  rigmous  calculadmis 
for  the  high  energy  fdioton  yields  on  JUPITER,  indqiendent  of  the  mexThanism  in  which  one 
plans  to  inoduce  the  energetic  {diotons. 

•  For  both  the  LIA  and  the  lES  machine  in  their  standard  version,  tte  optimal  yields  arise  for  Ro 

betwem  4.S  and  8.5  oil  The  latter  value  is  much  larger  than  present  day  load  configurations. 
According  to  Ref.l2  the  number  of  Rayleigh-Taylor  growth  (fycles  in  the  linear  regime  is 
proportional  to  This  would  suggest  that  larger  diameter  loads  are  more  prone  to 

disruptiem  during  the  run-in  {diase.  A  heuristic  non-linear  treatment  of  the  instability  frr  thin 
shells  is  presented  by  Huss^,  et  al.  [RefJ].  But  at  present  it  remains  unclear  to  what  degree 
the  Rayleigh-Taylor  instabilities  would  reduce  the  projected  J-scaling  law  yields,  and  also 
how  the  radiation  pulse  shiqie  would  be  effected.  There  have  been  suggestions  for  novel  load 
ronfigiimrions  which  employ  snowplow  or  rotational  [Ref.  14]  stabilization  to  mitigate  load 
Higniprinn  Multi-zone  radiation-hydtodynamic  1-D  (no  instability)  simulations  of  uniform 
fill  implosions  drivni  Ify  a  JUPITER  prototype  generator  presented  by  J.  Davis  [Ref.6]  show 
a  factex’  of  2  teductitm  in  the  krypton  yields  conqiared  to  the  optimal  thin  shell  configuration. 
However,  2-D  aimnlations  without  radiation  suggest  that  a  uniform  fill  can  maintain  stability 
gfiting  with  Ro  as  large  as  ~S  cm,  while  shells  went  unstable  if  Ro  ^3  cm.  Furtho’ 
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investigations  with  2-D  R  —  Z  and  R  —  B  radiation-hydrodynamic  simulations  could  better 
test  the  stabilization  and  radiation  potential  of  uniform  fills,  rotation,  or  even  inverted  density 
profiles.  Continued  investment  in  studies  to  symmetrize  and  stabilize  large  radii  implosions 
is  necessary  to  ensure  the  viability  of  PRS  on  JUPITER. 
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